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ABSTRACT

4 theoretical model is developed based on dislocation-interstitial inter-
action during stress application, which describes the amnelastic behavior
of bcc metals particularly during yield delay, It is shown that the re-
orientation of interstitial impurities apparently controls both the pre=-
yield microstrein rate and the time to yield. The model is supported for
tantalum and columbium by the results of yisld delay experimnts over a
temperature range from =97°F to 4OOOF, Activation energies of the yield
delay process caloulated both from microstrain rate data and time to yield
information indicate that hydrogen diffusion has a controlling effect,
with other interstitials contributing to the effective activation energies

at the higher temperatures, Temperature insensitive stress effects are
noted.

The model is further substantiated by x-ray diffractometry which demon-~
strates the occurrence of anelastic lattice strains during load spplication
and their consequent recovery,

A brisf resume is given on the initial efforts of a high temperature study
on the anelasticity in tantalum and columbium, This study is aimed at
exploring anelastic behaviar up to 3000°F,

This technical docusentary report has been reviewed and is approved,

Th

W, J. Trapp

Chief, Strength and Dynamics Branch
Metals and Ceramics laboratory
Directarate of Materials and Processes
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INTRODUCTION

The specific purpose of this investigation was to uﬁublhh the presence
of delayed yield, pre-yield microcreep and related strain rate effects

in tentalum and columbium and to determine the major mechanisms controll-
ing these effects, From previows experiments on molybdenum, another body
centered cubic metal, it was established that interstitial impurities,
by a mechanism analogues to the Snoek effect, contribute significantly

to the pre-yield microcreep, and apparently play s controlling function
in the yield delay and strain rate sensitivity of the materisl. A major
portion of the present investigation was devoted to detect similar phen~
omena in tantalum and columbium. The contributions made by interstitials
to the melastic behavior of bec metals may be sumarised in the following

In a typical yield delay experiment the interstitials contribute to the
anelastic mre-yield deformation (microcreep), by diffusion controlled
reorientation of interstitials into preferred lattice sites, Consequently,
microcreep can be considered a result rather than csuse of yield delay.

The diffusion pl.anomenon itself should also have a controlling effect

on the yield delay time by reducing potential and actual barriers to the
propegation of dislocations in preferred slip planes and by reducing
Cottrell atmospheres about dislocations.

Manuscript released by the authors Nov 1962 for publication as an ASD
Technical Documentary Report,



In the case of strain rate experiments a similar model csn be hypothesised,
During the load apyplication, diffusion of interstitials into preferred
positions takes place simultanecusly with the elastic deformation., De-
pending on the relative rates of the diffusion and of the elastic lattice
strain, the reduwotion of barriers aad Cottrell atmospheres prior to yield
will vary, resulting in a varistion of the upper yleld point with strain
rate.

This model is basically not in conflict with the dislocation model of
anelasticity but complements the latter, The dislocation models of

yield delay have, to date, given no considerncion to redistribution of
interstitials; but,it has long been established, first by Snoek, that this
is a real phenomenon. To establish whether the proposed impurity model
has validity the following experimental evidence was to be established,
First, the activation energy of microcreep must have functional dependence
on the activation energy of diffusion of the interstitials present.
Secondly, non-elastic lattice deformation due to reorientation of inter-
stitials, and not only slip deformation due to dislocation motion, must

be present during the pre~-yield deformation process, Thirdly, the upper
yield point, either in yield delay or strain rate sxperiments, must show
a dependency on the activation energy of interstitials,

It is obvious that the diffusion rates of most common interstitials in
the lattice either at very low or very high temperatures, are such that



brotmontial reorientation is .either too slow or too fast to produce
any observable anelastic effects. This is easily understood if we define
anelasticity ‘u the condition at which strain is lagging the spplied
load in t:l.n,’ or, at which the strain is out of phase with the applied
stress. Therefore, this portion of the investigation was confined to

the loW and medium temperature range (-10001' to.+u00°F) for both tantalum
and columbium,

The second phase of this investigation is aimed at high temperature
anelastic behavior of tantalum and columbium, The extent of this phase
is such that it must be considered an initial effort only, for the pur-
pose of establishing experimental methods and exploratory data,

At high temperatures the causes for anelasticity in bcc metals have not
as yet been preciuiy defined., Bven the characteristics of anelasticity
st high toq)e:jntures have only been very sketchily observed. Primary
indications that anehaticiiy does in fact exist comes only from a number
of experiments indicating the re-appearance of upper yield points at very
high temperatures and the ﬁroun« of strain rate sensitivity. From the
previous experiments it appeared justified to anticipate a direct relation
between these two phenomena and anelasticity. As stated earlier, inter-
stitial impurities, at least in small concentrations, cannot be expected
to produce asielastic behavior at high temperatures except, perhaps, in
cold worked metals, It was, therefore, important to first hypothesise



and experimentally verify which basic material properties or constituents
oan contribute to anslastic behavior. Based on estimated activation
energies and other evidence a number of contributors can be anticipated:
substitutional impurities, grain boundaries by means of grain boundary
viscosity, pairs or larger aggregates of interstitials in saturated
motals, and possidbly dislocations moving with their impurity atmospheres
or slowed down by specific barriers. High temperature internal friction
studies, yleld delay and strain rate experiments, as well as careful con-
trol of the material properties,are considered the basic requirements to
spproach the problem, To prevent the various possible contributors to
anelasticity from producing undue complexity of the problem it was decided
to use grain sise variation as the first variable parmmeter in this in-
vestigation.



THEORETICAL BACKGROUND
DISIOCATION MDEL

Most of the recent theories on the anelastic, pre-yleld behavior of bec
metals, ¢.g., .tron( 1) and moly’t:n:lemm(2 ), are based on a pure dislocation
model. Basically the assumption is mede that, during yleld delay, a

number of dislocations propsgste in slip planes with suitable orientation,
relative to the gpplied stress, and thus cause an observable microcreep
rate. - Depending on the applied stress, the extent of propagation of the
dislocations is limited by barriers in the material, such as grain boundaries.
Dislocations pile up at these boundaries until their combined stress is
sufficient to overcome these barriers, thus causing macroscopic yield.

The time required to generate a sufficient number of dislocations for the
initiation of macroscopic yield is identified as the yield delay time. This
concept was originated by Fisher who derived appropriate relationl( 3)
introducing the activation energy for the nucleation of the dislocation
loops from their Cottrell atmospheres during the pre-yield deformation.
Theee relations were later modified by Vreeland and wood( L) to include

the effects of backstress of the activated dislocation loops.

In their simplest form, based on the original wark by Fisher, these re-

lations may be expressed as
Yo £ (/%)

_2%8f (¥/¥e)

é.-B e bo RT (1)



vhere Tty * time to yield
&, = initisl microsirain rate
A,B = factors rohtiyol; insensitive to temperature and stress

Vo = aenergy per unit length of dislocation when free from
solute atoms

¥ = energy per mt lsngth of dislocation in the presence
of solute atoms

b s Burgers vector
O ,6 = the applied shear and tensile stress, respectively
£(¥/%)= Co8~' (¥/ %)= ¥/ % (1~ ¥/ ¥2)E

It may be specifically noted that these expressions imply that the logarithm
of the delay time as well as of the microstrain rate are inversely pro-
portional to the applied stress. tlien experimental data were fitted to
these ﬂuorot:lul expressions by Vreeland and Wood, it was found that the
expirical valuss of £ (¥/%eo) 1led to unusually small values of
'-¥/y When compared with the energy ratios calculated by Cottrell
a discrepancy of a factor of 50 was determined in the case ofl iron, This
large factor may be reduced somewhat by introducing the suggestion by
cottroll( 5) that the dislocation segments involved in the yielding pro-
cess my be significantly smaller than the length of Frank Read source,
For oximlo, the existence of active dislocation elements of a length of
spproximately 10 b, is suggested by the work of Mura and Brittain( ¢ ).
However, with these dimiom the line energy of the active dislocation
is changed by a factor of sbout two only and does not nearly account for

the observed discrepancy.



Several investigators have since proposed that the preyield deformation
process is controlled by an activation energy which is a linear function

of the applied stress rather than an inverse function.

(1)
For example, Peiffer in a recent amalysis indicates that the yleld

delay time should be described by a relation similar to that derived by

the authors during earlier work on molybdonun( 8 ).

According to Peiffer

1/. o —————————————
= RT

N €

(2)

Debeye frequency

= nusber of dislocation segments that have moved before
macroscoplc ylelding occurs

5
:
z & A

activation energy

<

= activation volume of dislocation,

Peiffer used the same experimental data which yielded an apparent veri-
fication of Relatiuns (1) to show the applicability of Equation (2).

Some insight into the question of wether one would expect Cottrell's
dislocation model to apply has been thought to be obtainable from measure-
ments of the variation in lower yield stress with aversge grain dismmeter
for different temperstures. The usual Petch type equation Oy=g; +A,d¥
would be expected to apply. In this mﬁon%: b’,_Q‘t is a measure
of the atress required ahead of an equilibrium dislocation pile-up to



unlock a Frank-Read source from its Cottrell atmosphere.

We refer to an excellent review for the temperature dependence of each
of the component expressions in the Petch equation (9). It has been

concluded that the sharp increase in the yield point with decrease in
temperature is not connected with the fastening of dislocations by the

Cottrell "clouds",

. A (10) (11)
In particular, the 'y factors in tantalum and columbium appear

to be by a factor of six to ten smsller than in iron or molybdenum. This
implies that the Cottrell locking in the two metals (Ta, Cb) is very weak
indeed.

Strong temperature dependence of the upper yield stress is not in agree-
ment with such a conclusion. It was therefore felt that, at least at the
upper yield point, the Cottrell mechanism is still a controlling factor
in the bec metals under investigation. Since yield following yield delay
occurs somewhere between the upper and lower yield point, by the usual
definition, it must be assumed that Cottrell or other interstitial -~ dis-
location interactions must te given consideration. Also, observations of
the Bordoni pesks by various investigators point toward efficient inter=-

stitial locking(lz) .

The relativwe insensitivity of Aey signifies the existence of some athermal
mechanisms in the yield process in addition to or in place of the thermally
activated unpinning of dislocations, This was pointed out by Conrad and

1
Schoeck ( 3). The AQ -y factor may, e.g., describe the athermal generation



of dislocations in or near grain boundaries from sources other than the
Frank-Read type source,

INTERSTITIAL DIFFUSION MODEL

A critical, theoretical evaluation of all dvailable data was initiated

to establish whether the pure dislocation model of pre-yield anelasticity,
and its inherent uncertainties, could either be reconciled with or replaced
(8, 1, 15),

by a model, as formerly suggested vwhich takes into account the

contribution of interstitial diffusion.

: 8
Previous work on molybdenum( ) resulted in a semiempirical description

of the observed microcreep and strain rate ‘data which had the form

t  @-fc®) _ At
5:2.&_) +Kr‘;n;jg RT 2 dt

t Ew (3)

o

The first term on the right side of the equation correspords to the purely
elastic strain and the integral to the time dependent anelestic strain
caused by reorientation of interstitials for an arbitrary stress history.
A complete derivation of Equation (3) is given in Appendix A,

Though Equation (3) provides a suitable describtion of experimental data
both for microcreep and strain rate sensitivity, it did not yield an en-
tirely satisfactory theoretical interpretation of these data. The acti-

vation energies, Q , for iron, (16)molybdenun(l7) (18)

, and eblunibiun
appear to indicate beyond any doubt that interstitial diffusion ropx;e-
sented a controlling mechaxiism. However, the value of, ya s is in all
cases an order of magnitude or more greater than could be calculated, by

basic thermodynamic theory, from the change of energy with strain QU/JE.)



of an interstitial in its preferred, non-preferred, or saddle point position.

RUAAN

Appendix B contains a discussion of the effect of stress on diffusion

rates together with calculations of £ as based on experimental infor-

mation on the martensitic transformation in bcc metals,

Numerous variations of Bquation (3) were investigated based on other
empirical descriptions of both the yield delay and strain rate phenomena,
For example, it can be shown that, over the normal range of stresses in
yield delay experiments, the data obtained in this investigation can also

be represented either as linear or inversely proportional functions of
stress e.g., JuwEm o or Q€ ax < . Both produce apparently straight
line relations for any given temperature, It was feasible to satisfactorily
fit the experimental data obtained in this investigation to these and other
relations, at least over a major portion of the stress ranges used, However,
none of the forms suggested to date provide a non-empirical interpretation

of the experimental data if a pure interstitial model is used,

PROPGSED MODEL, DISLOCATION - INTERSTITIAL INTERACTION

4 re-evaluation of the yield delay model led to a satisfactory solution.

10



It was concluded that the pre-yield deformation mechanisms must indeed
be described by the combination of a dislocation and interstitial diff-
usion model,

The stress levels causing yleld delay are always sufficiently high to
activate a number of dislocation segments. The probability that dislocation
segments are propagated from their source is governed by the jump frequency
which is an exponential function of the activation energy Q pe The
latter is determined by immediate barriers such as Cottrell atmospheres and
the Peierls barrier of the material. The jump frequency is enhanced, or

the activation energy lowered, by the application of a stress., The fact

that dislocation motion is a jump process has been demonstrated experi-
ment.ally(19 ).

During microcreep, the length of the dislocation segments free to move
under the applied stress is determined by the density of the interstitials
locking the dislocation. In Appendix C it is shown that interstitials
below a positive dislocation, provide maximum locking, snd that, on appli-
cation of a stress, interstitial positions in the slip plane correspond

to preferred positions relative to the positions below the dislocation.

Consequently, if the applied stress is less than the upper yield point,

the propagation of the line segments is possible only if the interstitials
in the locking position diffuse into preferred positions under the influence
of the sgpplied stress. Thersfore, the motion of each dislocation segment
is controlled by the probability that an interstitial is not present in the
locking position.



This may be expressed as

dVo_ _ 5 np (1- €¥2)
o _a,Np (I- €
dt (L)

Np = number of dislocation segments blocked by interstitials
from propagating & primary distance, d.

Ap " effective decay constant (or jump frequency) of dis-
location segment not locked by interstitial

).1. = eoffective decay comstant of interstitial into neigh-

boring, vacant site.

The decay constant A , must be considered in the light of the imter-
stitial - dislocation interaction, and of the effects of an appliel stress,

Now, using the same notations as used elsewhere for interstitial diffusion
(YA =D /d? = O, e w4

it has already been shown in the discussion on the pure.interatitul aifre-

usion model and in Appendix A that the activation energy Q ' has a stress

dependency Q1= Qo— LT, where £ only depends on the lattice

strain, It has also been shown that the drift velocity of impurity

atoms is affected by the stress field of the interstitials themselves,

This can be expressed in terns of Vi, = (DI/R']\>F (5)



The force term F s due to the static stress field of a dialocat:.ion is
normally defined as A /r® , vhere ' is the distance between the inter-
stitial and the dislocation and A is a constant which depends on: the
misfit of the interstitial, £ ; the shear modulus, & ; the burger vector,
b ; and the radius of the host atoms, Yz . An early definition of A ,

(20) have shown

by Cottrell, is of the form A\ a 4/,4 be rf. Mura et al,
that the force factor [ is in addition an apparently linear function of
the applied stress, They postulated that the applied stress increases

the length of the unpinned portions of the dislocation by bulging. This
in turn affects the line tension of the dislocation and consequently its

)
interaction with impurities, Thus 7V = G"(D, /RT) F

It was then theorizsed that during the pre-yield deformation process the
dislocation will also affect the energy of the interstitials i.n' various
interstitial positions near a dislocation and, as a result, produce pre-
ferred positions into which the interstitials will diffuse and permit the

dislocation to propagate.

The mathematical formulation of this theory is presented in Appendix C.

It is shown that a difference in the activation energy of diffusion exists
which is directly proportional to the temperature and the applied stress.
'Aa shown in Bquation (C5).

AV = — bo s RT ' (6)
. 4TCz;A

13



This lesads to a diffusion coefficient of the form

Qo-L
DID.:)\x_g__;_: fo b, &p-(—-——"em c-ﬁa') (7)

Equation ( 7 ) has considerable consequences and removes the empiricism
introduced by Equation ( 3 ). In the latter equation the coefficient
was shown theoretically to be entirely too small (Appendix B) to accoumt
for experimentally observed stress effects. Also all experimental data
including those presented in this report show that the stress effect on
the activation energy is very temperature insensitive over the observed

range.

It must also be cautioned here that A 5 is not independent of the inter-
stitials after unlocking has taken place, Interstitials in the slip plane,
e.g., though not participating in the locking process do exert a force on
the dislocation and, thus, influence its motion., Such a consideration
will require a modification of the treatment by Seeger et 31(21 ) who have

expressed the rate of formation of unlocked dislocation bulges by

T=A op (—H/KT‘) (8)

Here, A is just the frequency of oscillation of a dislocation in the Peierlt's
potential well and |4 the corresponding activation energy. A should be
modified to include the force effect due to interstitials located in the
slip plane in the neighborhood of the dislocation,



Starting with Bquation (4), both the time to yield and the microstrain
rate prior to yield can now be defined,

Equation (4) can be rearranged to read

dNp
Nop

= -xn( |-.o_'t"1) dt (9)

which can be immediately integrated. Utilising the epproach of the pure
dislocation model which assumes that a critical number of dislocations
must be propagated before macroscopic yield occurs, we can define the
limits of integration by

Np= Npo t=o0

Np= Npo=- Ny t =ty (the yield delsy time)

Integrtuon' over these limits yields

ox

| ALt I N (10)
- —{ T V) Do
ty = (v—a™ 5o Ln N
The relative dependence of the yield delay time on the interstitial diff-
usion mechanism is quite obvious from Equation (10). The following graph

indicates the relationship, (noting that ™y is inversely proportional

to the time constant, T. , of the interstitial jump mechanism).
/tw"’i
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With this result the description of the pre-yield microstrain and strain-
rate can nov also be reconciled with all experimental data. It is still
maintained that microstrain occurs due to the redistribution of inter-
-tjl.tial atoms into preferred positions. This redistribution is the result
both of the strained lattice and the dislocations attempting to propagate
under the applied stress during preyield shear deformation.

The microstirain is a function of the misfit or sise of the interstitial
atoms, the average lattice orientation of the metal under investigation,
and, of oourse, the density of the interstitials. The microstrain rate
can be defined as before (Appendix A) by

. . -A t
E = cr: hr =Crr 7\: Ny & T (u)

with the modifications for the interstitial-dislocation interactions this
leads to

. . -Q-2g @ -At
E=Cn LoFD, 2 RT 2 (12)

which, as observed, is constant during the initial portion of a yield
delay experiment, i.e., vhen Axt <<, The constant, C , is pri-
marily a function of the distribution of the lattice orientations.

(22)
It may be noted that Professor Dorn showed experimentally that the

stress effect on the activation energy of creep (macroscopic) behaves

in a similar manner, i.e., is apparently independent of temperature,



Equation ( 12) shows also that if the time t becomss large relative -

to A the strain rate approaches sero,

It is noteworthy that during numergua experiments the strain rate indeed
approached zero prior to yield, If the observed microstrain was primrisly
due to the propagating dislocations it is difficult to conoeive’ that yield
should have occurred after the propagation or generation of the dislocations
had ceased. On the other hard it is very conceiwable that the primary
locking interstitials in non-preferred positions will become exhausted

or reach an energy equilibriﬁm with those in the pr.ofecrrod position.
While-this will terminate the process of anelasti¢ straining, the dis-
locations will contimue to propagate under the applied stress until yield
occurs, The speed of these dislocations will then be controlled by other
imperfections .mcl\ading the effects of interstitials not in locking position
as discussed previously. '

Of interest for the evaluation of experimental data and the definition
of the interstitials are the activation energies of both the yleld delay
time and the microstrain rate, The format of Equations (10) and (12)
indicates that a simple expression for the activation energy does not
exist, except under certain conditions when first order approximations
can be introduced, For the gone_r.l case we may consider effective acti-
vation energies defined by

ty= A o SH/ET

- (23)
E = B L Q"‘{/RT
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In Appendix E the effective activation energies are calculated for both

processes. The results are

‘g Re-Q -
S S a
d off = Az (-212) )

It can be seen that both effective activation ensrgies are temperature
sensitive even if only one type of interstitial participetes in the pro-
cess. This temperature sensitivity increases considerably when more than
one type of interstitial, each with its own activation energy of diff-
usion, participates. The effective activation energies for either pro-

cess are then given by

_ Twin g (=nie) 2 2eF
Qaﬂ = ) e (16)
% wy; 7\'-.9."7“

wiere the Q;'s and w.'s are the effective activation energy and weight
factor, respectively, of the ith diffusion process. The weight factors
are primarily determined by the relstive initial density of all inter-
stitials participating in the dislocation locking process.



The generalized expression of Equation (16) and Equations (14) and (15)
indicate that, 1) as the temperature is varied different types of inter-
stitials will make the primary contribution to the preyield anelastic
defarmation process; 2) at any given temperature, the length of the pre-
yield deformation process, i.e,, the time to yield determines how many

types of interstitials mey heve significant effects.

It is obvious if the activation energies of two or more types of inter-
stitials are of nearly equal magnitude, they will all contribute simul-
tanecusly to the anelastic behavior independent of time and temperature,
The temperature dependence of the various activation energies is analogous
to the experimental findings of Professor Dom( 2) who has shown that the
activation energies for creep (macroscopic) are very temperature sensitive
until a temperature is reached such that apparently the self diffusion
provides the only controlling mechanism, After that the activation energy

is constant with respect to temperature over the range of observation.

To summarise, the following conclusions have been reached based on theo-
retical considerstions and influenced by all experimental results to date
on the preyield anelastic behavior of bcc metals containing traces of
interstitials:

The time to0 yield during yield delay experiments is determined by the
capability of locked dislocations to move out of their interstitial atmos-
phere, Consequently, the jump frequency of interstitials out of locking
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positions into preferred positions has a controlling effect on the yield
delay time, This is compatible with previous, pure, dislocation uodola'
which define the time to yield as the tipe required to propagate a critical
number of dislocations,

Preyield microstrain is a direct result of the interstitial reorientation,
A Snoek model does not suffice to describe this reorientation mechanism,
Dislocations, under an applied stress, hn a much greater effect on the
activation energy of diffusion than the elastically strained lattice., The
resulting effect on the jump frequency of the interstitials is very in-
sensitive to temperature. It has also been shown that the activation

energies are linear functions of the applied stress,

The effective activation energies based either on the yield delay time or
the microstrain rate, are both temperature and time dependent., These de-
pendencies become very significant if more than one type of interstitial

is mresent in the metal under investigation.
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TENSILE EXPERIMENTS

DISCUSSION

The first objective of the temsile experiments was to establish the pre-
sence and magnitude of yield delay and pre-yleld micro creep in tantalum
and columbium in the medium temperature range. The second and more importe
ant objective was to obtain as much insight as possible into the basic
mechanisms and properties controlling the anelastic phenomena in these

two bcec metals,

When designing the experiments, the basic assumption was made that the
pre-yield anelastic deformation follows an Arrhenius type behavior, i.e.,
all time dependent mechanisms are functions of a characteristic activation
energy. This is, of course, the same assumption which results from the
theoretical background discusaion. Therefore, the determination of the
activation energies, as well as their dependence on temperature and on

the applied tensile stress, became a primary goal of this work.

The activation energies of interest are those of the microcreep with stress
applied to the specimen, of the time to yleld again with the stress applied,

and of the recovery of any nonelastic strain on removal of the load.

A8 in any experimental effort, the influence of uncontrolled parameters
had to be prevented, In this case this required identicity of each set
of specimens with respect to mechanical history, pre-experimental heat
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treatments, and constituents., It also required that any internal stress
introduced during specimen preparation be removed., Becsuse an extensive
parametric study on single crystal tantalum and columbium was economically
unfeasible, it was desirable to use specimens of rather small grain sises
with random orientation,

It was possible to meet most of the objectives of the tensile experiments
with the exception of obtaining quantitative results from the yield delay
recovery experiments. The relatively slow speed of the thermal diffusion
process prevented the establishment of a rigorous time scale for the re-~

covery in this set of upériments.
EXPERIMENTAL TECHNIQUES
cimens

The specimens for all tensile experiments were of identical géometry; 0.25
inches in dismweter by 10 inches long. The center six inches were reduced
to a diamster of 0,245 inches. The round configuration'vas chosen to
minimige the surface to volume ratio. The length of the sp‘ecimens was
determined from thermal considerations and represents the minimum length

at which the temperature gradient over a two inch gage length is negligible
for all temperatures conditions imposed. The reduction of the center portion

of the spochina is only necessary for experiments below room terperature
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and prevents yield and necking outside the gage length. Above room temp-
erature the gage length is at a temperature sufficiently higher than that
of the other portions of the specimen to guarantee initiation of yielding
near the center without reduction of geometry. However, all specimens were

machined to the same dimensions to obtain identical coldwork,

The chenistry of both the tantalum and columbium was carefully checked,
in the vendors laboratory, prior to delivery and prior to the experiments,
i.e,, after the completion of pre-experimental specimen preparation, The
material was electron beam melted and delivered in stress relieved form.
The following tables give the results of the vendors analysis (Wah Chang
Corporation, Albany, Oregon). Only the more important interstitial com-

ponents were re-anzlysed prior to the experimental program.

Tantalum Columbium
ppm (by weight) ppm (by weight)
Al 20 20
B 1l 1l
Ccb 500 Ta 470-490
Co 20 ND
Cr 20 20
Cu Lo 40
Fe 100 100
‘HE ND ND
Mg 20 20
Mn 20 20
Mo 20 20
Ni 20 20
P 20 20
Si 100 100
Sn 20 20
™ 150 150
v 20 20
w 300 65=72
Zn 20 20
Zr 500 tal 500
Originel Final Ordi Final
c B0 W
N 55(100) 35 72-99(89) 26
0 50(85) 105 110-180(150) 50
H ND(Le3) 3.2 2.2-2,3(6.0) 3.0

Data in parentheses represent reanalysis of as delivered specimen material
prior to experiments, 23
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ELECTRON BEAM MELTED TANTALUM

a. AS RECEIVED (x75)

c. TRANSVE,

b. LONGITUDINAL

RECRYSTALLIZED - 1 HR AT 1200°C ( X 150) Figure 1
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ELECTRON BEAM MELTED COLUMBIUM

a. AS RECEIVED (x 75)

b. LONGITUDINAL ¢. TRANSVERSE

RECRYSTALLIZED - 1 HR AT 1200°C (X 150) Figure 2
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As stated above, both tantalum and columbium were received in stress relieved
form for best machineability. On machining to the finsl geometry the spec-
imens were recrystallized at 1200°C for one hour in a dry air environment
at less than .3 micron Hg pressure. The material was slow cooled to prevent
recurrence of internal stresses due to thermal gradients. Figures la
through 2¢ illustrate the initial and final structure of both materials,
Comparing the photomicrographs of the final longitudinal and transverse
structures (specimen axis being the reference) it can be seen that the orig-
inal directionality in grain-structure has disappeared.

Bquipment

All tensile experiments were performed on a high temperature, rapid load
tensile unit designed and developed at General Dynamics/Pomona. The basic
components of this unit are a load dynamometer, templin type grips, an exten-
someter, a hydraulic cylinder, a servo valve, a servo feed back system, and
a powerstat with step down transformer for the temperature control., All
tensile components are mounted in a loading frame designed for high impulse
loading, This frame can be sealed for operation in an inert atmosphere, in
liquid coolants, or in a vacuum., Figures 3 and L show the physical

arrangement of the equipment.

Bither the load rate or the strain rate can be controlled, within the limits
of the performance characteristics, load, strain and terperature histories

can be programmed and automatically applied to the specimen,
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The load dynamometer serves to measure the instantaneous load on the speci-
men &8 well as to provide a servo feedback signal during programmed load
cycles. At present, dynamometers for two load ranges are available, 0-3000
1b and 0-15000 1b, The accuracy for each unit is 0,5%.

The templin type grips were considered very advantageous for this investi~
gation, Due to their ability to distribute the applied loads uniformly
over the gripping area of the specimen, a simple rod (or reed) configuration
provides a satisfactory specimen geometry. There is no need for complex
shapes such a8 threaded, pinhole or shouldered specimens., This eliminstes
the need for excessive cold work ana is also an important factor when work-
ing with expensive materials, such as pure tantalum and columbium. The
presenily available grips can accomodate round specimens of 0.25 inch dia-
meter or flat specimens from 0.020 to 0.125 inches thick.

The extensometer used in this work was specifically designed for this task,
It consists of a light weight structiure suspended on knife edges from the
specimen with sufficient pressure (spring loaded) to prevent alippage
problems during rapid load application. S8trains are msasured with an ace-
uracy of 0.5% over a gage length of 2 inches, The extensometer also pro-
vides the feedback signal to the servo system for automatic strain history
control,

The hydraulic cylinder, the servo feedback contirol system and the servo
valve provide the load inputs which range from effectively step loads to
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several pounds per hour (or slower by manual step control). The corres-
ponding strain rate inputs range from 0.00001 to greater than 0,01 inch per

inch per second,

The specimens are heated either by immersion in a circulating fluid at low
temperatures or by resistance heating at high temperatures. The specimen
itself represents the heating element. Radiation shielding and grip in-
sulation minimizes temperature gradients in the specimen, Specimen temp-
eratures and heating.rates are controlled by the powerstat and stepdown
transformer. The temperature range of the unit is presently =107 °p

to 6000°F. Heating rates up to 100001? per second can be obtained during

resistance heating,

Temperatures can be maintsined within better than 1 F over extended periods
of time, The accuracy of the temperature reading is that of thermocouples
for the appropriate temperature range. The thermocouples are spotwelded
on the specimen and calibrated prior to the experiments.

The data are presented on three types of recorders; Sanborn, direct-read-
out C.,E.C,, and Moseley, The various recordings serve t countercheck

measuring techniques if anomolous specimen response is observed.

The Sanborn and C.E.C., recorder display load, strain, and, when desirable,
temperature as a function of time. The C.E.C. unit, having the fastest
response time serves as the primary recorder of the experimental data
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which ars to be evaluated., The Mosely recorder provides an accurate backup
for stress and strain calibration, and is also very useful in relatively

slow experiments for the determination of the yield point (elastic limit).

Experimental Procedure

Three types of experiments were performed: constant load rate, yield
delay, and yield delay recovery,

The constant load rate experiments established three characteristics, yield
stress as a function of temperature, yield stress as a function of constant
stress rate, and, consequently, time to yield under various rate conditions,
This set of experiments was primarily of exploratory value. It was est-
ablished earlier with molybdenum( 8 that if a stress is gpplied as rapidly
as possible and maintained constant, the yleld delay time is very nearly

the same as the time to yield in a load rate experiment if the resulting

yield stress is of the same magnitude.

With a minimum of data points it is thus possible to establish for various
temperatures the stress levels at which yield delay times of reasonable
length can be expected,

In this fashion it was determined that, contrary to the original intention
of opersting above room temperature only, yield delay experiments had to
be carried out between -20°F and +h00°1" in tantalum and -100°F and 0]50017
in colunbium to obtain meaningful, observable data.
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Figures 7 and 8 show the useful data for tantalum and columbium re-
spectively, Equivalent stress rates varying from 1 PSI per second to

2.5 x lO6 PSI per second were applied.

A typical yield delay experiment is shown in Figure 5 . The stress is
applied as rapidly as possible and then maintained comnstant until yield
ocours, The meximum applicable atress rate was a function, not of the
energy reservoir or time response of the hydraulic system, but of the damp-
ing characteristiocs of the mechanical system. The minimum time in which
the final stress could be applied without overshoot was 0,02 seconds,
Though any overshoot damped out quickly due to the feedback signal control,
it produced significant effects both on the yleld delay time (considerable
reduction) and the preyield microcresp rate (considerable increase)., Since
the time resolution of the recorded data is of the order of 0,001 seconds
the time to final load can be accurately accounted for in experinments
where this time is significant in relation to the yield delsy time,

Yield delay data were taken in tantalus at -20°F, 73 F, 200 F, and 40O 7,
and in columbium at -97°F, 20°F, 73°F, and 150 F, At the highest oper-
ating temparature in each set it was difficult to obtain reliabls data.
Only those which showed a reasonable functional dependence on stress are
presented. Figure 9 through 12 show the summrised results of the
various yield delay experiments,

Figure 6 demonstrates a typical yield delay recovery experiment. Each



complete set of such experiments was programmed to consist of the follow-
ing steps.

1) A stress level was chosen from the yield delay information which was

2)

3)

expected to lead to a reasonably long time to yield (e.g., from Figure 10

it can be seen that the 28,800 PSI ussd in the sample experiment should
0

lead to g yield delay time of approximately 55 seconds at =20 F),

This stress level was arplied rapidly and maintained constant for a
presslected period of time less than the yield delay time.

The stress was removed rapidly and reapplied after a specified re-
covery time. This cycle was continued until macroscopic yield was
definitely established.

Next, using the smme stress level, the recovery time was varied

with the objective of finding the recovery time which was just sufficient
to provide complete recovery, The degree of recovery revealed itself

by the number of eycles, that is total time at load, to which a specimen
could be exposed until macroscopic yield occured,

The same procedure was repeatsd with the smme stress levels and a new
seriss of recovery times but, during the recovery times, the specimen
temperature was increased above the load cycle temperature (-20° Pin
the sampls case). IFrom the relative recovery times at two to three
recovery temperatures the activation energy for recovery was to be cal-
culsted,
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This technique, though basically sound, had several shortcomings.

8incs relatively low stress levels must be used to allow sufficient time
for observations (1 second was felt to be a minimum) the resulting ane-
lastic microstrain was very small.

More serious, however, proved to be the thermal lag of the specimen
which was quite large. It was enhanced by.the thermal mass of the
gripping mechanism, and, during low temperature experiments, by the
excellent heat transfer to the cooling medium. h a result during
large portions of the recovery time the specimen was not in thermal
equilibrium, Of course, the higher the recovery temperature, the
shorter will be the overall recovery time. Therefore it was difficult
to establish an exact ti-e-ft.emperamu relation durixﬁ this period.

Without the latter shortcoming it would have been possible to theoretically
predict the approximate recovery times at each temperature level from

the initial expsriment, Under the conditions described this was natur-
ally impossible, Therefore, it was also economically unfeasible to

carry out a complete set of experiments on a trial and error basis for
several stress levels and the corresponding load cycle temperatures,

RBach specific experiment required, of course, the use of a different

specimen,

Other difficulties, such as the provision of step function load cycling



and masking of strain recovery by thermel expansion,were easily over-
coms thanks to the quality of the experimental equipment on hand., There-
fore, despite the fact that the final objective, determination of acti-
vation energies of the recovery process, could not be obtained, the yield
delay recovery data still ylelded some informative, though qualitative
results,

RESULIS AND INTERPRETATIONS

As stated previously, the constant load (or stress) rate data were not
utilized to investigate the anelsstic behavior but served only to eatablish,
with & minimum of experimental points, the stress and temperature conditions
under which observable yield delay could be expected.

Figures 7 and 8 show the results both for tantalum and columbium, The
straight lines represent the best linear fit of the data points at each
experimental temperature based on a minimum of the RMS deviations., The
elastic limit was in all cases identified with the yield point. On com-
parison with Figures 9 and 10 it can be scen that the timesto yleld were
in genersl larger in the load rate test for a given final (or yield) stress
than for the yield delay experiments. This was not in accordance with pre-~
vious work with bee -otala( ° ), but would, in gemsral, be expected from
theory since the aversge sapplied stress during the load rate experiment

is only half that of the yield stress,
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Figwe 7 STRESS RATE DEPENDENCE IN RECRYSTALLIZED TANTALUM
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Figwe 8 STRESS RATE DEPENDENCE OF RECRYSTALLIZED COLUMBIUM
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Figwe 9 YIELD DELAY IN RECRYSTALLIZED TANTALUM
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Figure 11 LINEAR MICROSTRAIN RATE IN RECRYSTALLIZED TANTALUM
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Figure 12 LINEAR MICROSTRAIN RATE IN RECRYSTALLIZED COLUMBIUM
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Figures 7 and 8 show clearly that yield delay experiments below rooam
temperature were required to obtain a reasonable coverage both with re=-
spect to temperatures snd yield delay times, The experimental program which
was originally scheduled to be peiformed entirely above room temperature
was accordingly redirected.

The significant, experimental results of this study are contained in the
strainrate and yield delay data presented in Figures 9 through 12, Within
the limits of the experimental scatter, these data substantiate the dis-
location ~ interstitial interaction model developed in the theoretical
background section. Before discussing the implications of these results
the reduction methods should be considered,

The microstrain rates quoted represent the initial, constant rates, This
eliminated the time dependency which would not permit meaningful comparison
of strain ra*es under the various stress-temperature conditions. Equations
(11) and (A20) predict the constant, initisl strain rmate which was observed
in a1l yield delay experiments, except in those where the time to yield

was so short that the constant rate was masked by system damping (see initial
0,05 seconds in Figure 5). Data with the latter characteristics had to be
neglected. This was minimiszed by adjusting the damping characteristics

to the anticipated length of the experiment,

The yield point or time to yield was identified, as in Figure S, with a



significant, continuous increase in slope. As our model predicts, the

slope will normally decline after the constancy of the initial micro~

strain mtes rate ceases. This decline was observed prior to yield in many
experiments, In several instances more than one slope was observed prior

to macroscopic yield. Such changes in slope were not identified with the
yield point since they were not continuously increasing. They were apparently
caused by mltiple contributors to the yisld delay mechanism,

In very short yield delay experiments, compensation was made for the time
to final load in establishing the yield delay time,

Several experimental data points had to be neglected because ansmolous
temperature effects were observed., This was the case when the highest
rates of loading were applied in experiments of short duration. Under
such loading conditions the temperature of the specimen would increase up
to 2 to 3° F, Consequently, during the initial portion of the experiment,
after the load was applied, s reduction in strain was observed which con-
stituted the recovery of the thermal expansion. This reduction in strain
was at first rather mysterious and temperature variations were not suspected
since theory predicts adiabatic cooling during rapid elongation of metal,
However it was then decided to mount thermocouples on the specimens and
record the temperature history. The changes in temperature wers clearly
observed and the magnitude of the recorded strain corresponded to the ex~-
pected thermal expansion. No attempt was made at this time to interpret
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this phenomenon. The recovery times were, as expected for thermal pro-
cesses, rather large, 3ince the observed thermsl expansion was also of
the same arder of magnitude as the anelastic strain it presented a rather
undesirable masking effect. It may be noted however that in most cases
the effect became negligible if the loading time was changed from the
minimm of 0,02 seconds to about 0,0i seconds, This presented in most
cases no serious handicap. Careful inspection of Figure 5 shows the
very slight remaining increase in temperature during loading at the

slower rate,

On evaluating the data of all yield delay experiments it may firet be
noted that the stress dependency of the logarithm of both the yield

delay time and the micro strain rate is relatively temperature insen-
sitive, This follows the prediction made by Equation (7) which states

that Lotn B¢
2

A, =Ch@)=Coxs (7a)

and by the corresponding expressions for the yield delay time and the
anelastic strain rate in Equations (10) and (11). To illustrate, the
anticipated variation in the slopes of strain rate versus applied stress
in Figure 1l may be estimated as follows:

24n E 2 |
L an
Therefore,
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or AS = Jé— A(—,:.)

Assuning an empirical value of 1.7 x 10 cal/mole/PSI (Appendix B) for £
in tantalum, it can be seen that the total change in slope over the temp-
erature range of primry interest (=20° F to 200° ¥) is at most 1.16 x 10°,
or at most a few percent of the slopes indicated in Figure 11. The value
-of £ used in this estimate is probably tco large. Theoretical calcu-
lations (see Appendix B) indicate s much lower value in a strained lattice
which has not reached mertensitic phase equilibrium, It is obvious, that
the experimental scatter of the data will not reveal such small deviations

in slope.

It is also very doubtful that yield delay experiments can ever be utilized
to better define the value of £ . The temperature ranges over which a
single yield delay mechanisa is prominent are relatively small and the
behavior of real materials, particularly polycrystalline metals, will
slwvays lead to a certain amount of experimental scatter.

A more significant effect is anticipated from the more fimly established
1/ term in Bquation (17). Experimental scatter rules out correcting
any ons set of data for this term, becsuse the total variation at any one
temperature is more than one order of megnitude smaller due to the limited
stress range. However, considering the average stress levels in each set
(1.0., sach experimental temperature) the average slopes may be corrected,
It oan be seen that this to soms extent accounts for the apparently cone

sistent increase in slopes with temperature,
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Neglecting the temperature effect introduced by the term L /R T we
can calculate the following values for & from Equation (17) and the
applicable figures.

Motal ITemperature’ F  Type of dats  Avg. Stress(xsI) S(KSI”)) B(KsI )

Ta -20 time to yield b2.3 267 o2i3
Ta 73 time to yield 30.5 «289 «256
Ta 200 time to yield 22,9 <329 «285
Ta -20 Microstrain rate Lo.1 +306 281
Ta 3 Microstrain rate 314 317 .285
Ta 200 Microstrain rate 22,1 «363 <318
o 97 time to yield L3.6 435 k03
Cb «20 time to yleld 31.9 439 408
cb (5] time to yield 28,2 Lés 430
o 150 time to yleld 23.8 u92 ol50
&) -9 Microstrain rate 40.0 500 u72
Cb -20 Microstrain rate 31.6 «508 l72
cd 73 Microstrain rate 7.8 o512 l72

The values of £ are in reasonsble agreement with those calculated in Appendix
C, oonsidering the uncertainties in the definition of A. Two characteristics
must be noted. Despite the corrections introduced by the aversge v/ o

tern, there is still a tendency for & to increase with tesperature. Con-
sideration was given to the fact that /& is inversely proportional to the



shear modulus., However, the change in shear modulus is only about one per-
oent over the range of interest and, therefore, not significant in these
first order calculations. Consideration should however be given, as in the
svaluation of the effectiw actiwmtion energies, that at higher temperatures
different interstitials are likely to participate in the dislocation - inter-
stitial interaction which controls S .,

The second characteristic of interest is the apparently lower values of S
when interpreted from the time to yield information. A differencs must be
anticipated from the theoretical model.

As stated repeatedly, the stirain rate data are tsken during the initial
portion of the experiment where they are independent of time. The time
to yield experiment allow no such assumption and from Equations (7) and
(1) it can be seen that

L2
= _"*1 2 °"

~AIt\j

-t
! 22ty | (s
- [ﬁ-&-?‘*(ﬁhxtg-i--&- ,.._D_"ltt‘j]

if 2/RTas well as any stress dependence inA 5 13 neglected.

A simple solution of Equation (18) for 8 is not possible, but the
equation indicates shy /3 should be smaller when calculated from Equation
(17) as was done for simplicity in the tabulated data,
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Of particular interest are the actiwvation ensrgies resulting from the data

in Figures 9 through 12,

It has already been established that only eff-

ective activation energies can be deduced from the experimental data,

Equation (16) mskes it quite clear that without extensive iteration, since

A;= A (Q;)s and without precise knowledge of the weight factors, LJ; ,

of each participating mechanism,it is not posaible to establish the acti-

vation ensrgy of each mechanism exactly.

Based on the straight line relationships, indicated in each set of data

vhich were established by the statistical wmethod of the least squares,the

following activation energies were detemmined:

Mstal

Ta
Ta

-3
[

& &8 &8 & 8

Temperature range

20°FP 073’ F
73° F to 200° ¥
“20°Fto13’F
73° P to 200° P
[+]
200" ¥ to LOO  F
0 o
~97 F to ~20 F
4 0
<20 Fto73 F
[+
73°Ptol0 F
0
«97° P to =20 P
[+] [+]
20 Fto73'

Type of data

time to yleld
time to yield
micro strain rate
micro strain rate
micro strain rate
time to yield
time to0 yield
time to yield
micro strain rate
micro strain rate

Qeft (cal/mole)

10850
14200
10550
14900
16700
8625

11350
13900
Lo

10900



The activation energies were determined by the A(;.'F) relation at identical
stress levels, thuseliminating the effects of £nc and (3G . There
is, of course, the effect of the ,QO" term which may increase the values
a maximum of 600 cal/mole for the lowest value of (3 tantalum, snd a maxi-
mm of 700 cal/mole for the lowest value of QQ columbium, These estimated
maxima are again based on the conservatively high values of £ from em-
pirical mertensitic information (Appendix C).

Despite all the uncertainties as to the actusl activation energies of the
mechanism or mechaniams producing anelasticity in each temperature range,
the data seem to clearly indicate that:

1) both the time to yield and the preyield microstrain rate are
influenced by identical control mechanisms,.

2) interstitial diffusion of hydrogen is a major contributor to the
anelastic behavior, and, as the experimental temperatures increase
contributors with high activation energies are apparently increas-
ingly effective.

The sctivation energy for hydrogen diffusion in columbium has been fairly
well established as being 9300 + 600 cal/mol( 2 ). It is anticipated

that the activation energy of hydrogen diffusion in tantalum is of approxi-
mately the same magnitude due to the similarity of the two metals and the
similavity of the activation emergies for other interstitials (usually
slightly higher in tantalum - e.g., C and N).

There is a number of other solute elements in tantalum and columbium which
are capable of incresasing the effective activation energies with increasing



temperatures. These may conceivably be boron, silicon, and oxygen in the

temperature range of interest.

Boron activation energies have been messured, with limited reliability,

a8 16900 + 6100 cal/mole in tantalum and 14300 + 5400 cal/mole in colum-
2

biun( h). The chemical analysis of the experimental materials shows that

apparently relatively amall amounts of boron are present.

Silicon is a substitutional solute; however,its relatively large misfit

of approximately 18%, should give a tendency to preferrential ordering

in a strained lattice and permit dislocation locking in the positive stress
field of the dislocations. The activation energies for silicon have been
measured, with the same limited degree of reliability as in the case of
boron, as being approximately 11720 cal/mole in columbium and 6040 cal/mole
in tantulul(as). These latter values may probably deviate by several
thousand calories per mole, Considerable quantities of silicon are pre-

sent in the experimental materials,

More reliasble dats are available for the activation energy of oxygen.
Several aonrceu( 26) report values of spproximately 26000 cal/mole in
both metals. Deviations are of the order of several hundred calories

per mole, The latter activation energy is quite high compared to that of
hydrogen or the measured activation energies, However, the time, temp-
erature and stress dependence of the effective activation energy, as shown

in BEquation ( 16 ), does not preclude the participation of oxygen in the
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anelastic processes above room temperature. Without stress effects the
relaxation time of oxygen in tantalum and columbium is of the order of 1

second near hOOol?.

As indicated earlier the yield delay recovery experiments did not yield
quantitatively useful data. However the following qualitative observations
may be related.

In all experiments of this type the total time at load prior to macro-
scopic yield exceeded the time to yield in normal yield delay experiments
when identical stresses and temperatures were employed. There was, how-
ever, little consistency with respect to the length of recovery time which
was varied from 5 minutes to 30 minutes,

Although significant recovery of strains could not be observed if the re-
covery took place at the same temperature as applied during the load cycle,
such recovery could be observed if the temperatures were raised some 200°I-‘
during recovery. This indicates, as expected from the theoretical model,
that the relaxation times of the reorientation process are considerably
larger without than with an spplied stress, It was possible to obtain com=
plete recovery in some ceses which permitted load cycling of the specimens
for many hours without yielding. In these cases the equivalent of two load
c¢ycles would have been sufficient to yield the specimens without recovery,
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X=RAY DIFFRACTION MEASUREMENTS OF MICROSTRAIN
DISCUSSION

The proposed model of anelasticity implies diffusion induced reorientation
of interstitials during the pre-yield deformation (micro-creep) of bcc
refractory metals, If this is the case, one obvious result should be a
change in lattice constant during the yield delay time and a recoverability
of the lattice deformation by removing the applied load. It was felt,
therefore, that x-ray diffraction measurements of lattice constants

under the sppropriate load conditions should give rather conclusive proof
whether the pre-yield microstrain is merely the result of a limited number
of disldcations propagating along slip planes or whether interstitials are
significantly contributing to the microstrain.

It was realized from the beginning that it is rather ambitious to attempt
a measurement of the interstitial induced lattice deformation. From ex-
perimental data it is known that the externally measured strain during
microcreep was limited to at best a few hundreds micro inches per inch
in the high purity materials under inwestigation. Also, the x-rey diff-
raction information was sensed in a Geiger counter assembly. This re-
quires relatively long counting times if sensitivity is not to be sacri-
ficied. Consequently experiments had to be carried out under conditions
producing long yield delay times., As all applicable data or theories in-
dicate, this meant operation at relatively low stress levels, This in turn
requires operation at low anslastic strains (equilibrium distribution of
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interstitials is a function of applied stress - see Appendix A), Fortunately,
the resolution limit of the x-ray equipment at our disposal was higher than
average and permitted observations with a sensitivity of better than + 0,0001
Angstrom ., This corresponds to a microstrain sensitivity limit of the

order of 30 micro inches/inch,

Another factor that contributes to rather satisfactory results is that

the lattice strains measured by x-ray diffraction are always larger then
the externally measured strains in a corresponding direction if the lattioce
deformation represents a major portion of this strain, The external ob-
servations represent an average of the local strains which may vary from zero
in grains whose crystal structure is such that the (111) plane is parallel
to the direction of the spplied tensile or compression stress (no preferred
positions created), to a maximmm in those grains where the cube edges of
the unit cell are parallel to the applied stress. The x-ray diffraction
measurements represent those of one set of planes only. For experimental
expediency, i.e., to obtain maximum sensitivity, the plane chosen for x-ray
observation is normally the one which produces maximum deformation, and
naximum intensity from the diffracted radiation.

A verification of the occurrence of lattice deformation during microcreep
has been definitely established from the consistent, repeatable trends of
the observations both during the load and recovery cycle, It cannot be

pretended, however, that the data have the accuracy implied in terms of
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absolute magnitudes., However, the sensitivity is such that relative
changes, which include the recovery information, are measured with the
precision indicated in the data.

EXPERIMENTAL TECHNIQUES

It was anticipated to use only materials of the same constituency and with
the same heat treatment as those used in the other yield delsy experiments,.
However, columbium in the available purity did not lend itself very readily
to reliasble x-ray diffraction studies, This material showed anelastic micro
strains of the order of 10 to 30 miaro inches per inch only on application
of the relatively low stresses required for long delay times (i.e., near
the lower limit at which eventual yield was observed). This is not con-
sistent with the sensitivity limits of the x-ray diffraction technique,
Consequently, after experimental verification of the columbium behavior,

it was decided to use molybdenum as an additionsl experimental msterial.
This was to aid in the generalization of the observations to bcc metals,

It was known from earlier experiments that in the arc-cast, recrystallized
molybdenum on hand snelastic microstrains up to LOO micro inches per inch
could be snticipated., Interstitial constituents in this material are,

by weight, 0.013%C, 0,0007%-0, 0.00011%-N, and 0,00015%-H,

A Noreloo Geiger-counter diffractometer was used for measuring the lattice
spacings, utilising the 1.54050 A radistion of the Cu K-alpha line. Data
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were taken both in the (200) and (211) planes which are parsllel or nearly
parallel to the applied tensile stress direction. Obviously, it was not
practical to measure the lattice deformetion in the direction of stress.
Consequently, the observed lattice deformations and the externally measured
strain had opposite signs and were compered to one snother, in a macro-
scopic sense, by introducing a transformation factor on the order of Poisson's
ratio. It is shown in Appendix D, that this transformstion factor for
interstitial anelastic strains is always less than Poisson's ratio., Both
pPlanes used yield relatively high Bragg angles. This yields the greatest
sensitivity in the particulsr x-rsy diffraction unit used for this investi-
gation, The initial set of data, with molybdemum as the sample material,
was taken during the recovery mode only., Specimens were preloaded, as
during yield delay experiment, for a period such that no yield occurred.
The materisl was then unloaded, its remaining strain measured, and mounted
into the x-ray diffrasctometer. Repeated measurements of lattice constants
and externally observed strain were assumed indicative of the stirain re-
covery. This worked reasonably well for molybdenum, even though it was
impossible to obtain very accurate, sbsolute data., Despite the fact that
various calibration runs were made with original and preloaded specimens,
the accuracy was very much reduced by the lack of repeatability shen mount-
ing and remounting in specimens in the x-ray unit., While this did not

take avay from the recovery information in molybdenum it was a serious
handicap to experiments in tantalum and columbium, where smaller anelastic
strains are observed,
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It was also highly desirable to observe the microstrain during the load

a8 well as the recovery cycle. Therefore, & hydraulically controlled load
unit was built which permitted the observation of lattice deformation while
under load, (Figure 13 ). The unit requires the use of flat specimens
whose dimensions need spproximately be: 2.4 inches long, by .45 inches
wide, by .05 inches thick., Suitable specimens were obtained from the

same melt, with the same heat treatment, ama the same (twice verified)
constituency, a&s the tensile specimens used in the other experiments dis-
cussed in this report., lattice constants were then measured prior to
loading, during loading, and after unloading without having to change the

position of the specimen,

As will be discussed later, recovery times are very much longer than the
relaxation times of strain when under load. It was therefore necessary
to build a heater for the specimens which was applied to the specimens
between recovery measurements for controlled periods of time, The temp-
erature was measured by a thermocouple mounted,with a strain gage, on
the flat side of the specimen, opposite the side under observation. The
strain gage messured the macroscopic strain, the anelastic strair, and

served to prevent themsl expansion from ylelding erroneous information.

RESULTS AND INTERPRETATION

The following tebles summarise the results of various xeray diffractometer
experiments, Special conditions are either listed with each set of data or
elaborated in the follow-on discussion of the results.
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As stated previcusly, it is not realistic to evaluste quantitatively

the absolute values presented in the data. It msy be noted, however,

that in all three sets of data the lattice strain information is quite
consistent, in particular that obtained when the specimens were mounted
in the load unit throughout the experiment. The gage messurements are
apparently not quite as reliable, In these experiments SR-lj gages were
used which are never quite satisfactory for cyclic loading or for inter-
mittent measurements such as were necessary in Set #1. This is the reason
that an induction type transducer is used far all other experiments. The

use of such a device was not practical for the x-rsy study.

Despite the rather unsatisfactory technique used to obtain the data in
Set #1, the relative values are consistent with the anticipated trends.
One of the reasons why the recovered lattice strains should be larger

than the microstrain measured by strein gage during yield delay was
discussed previously (single orientation versus average from random orien-
tations). In all experiments but No, 5 complete recovery of the anelastic
lattice strain was apparently achieved during the recovery period. That
this lattice strain represents at least a very significent portion of the
gross microstrain is obvious despite the uncertainty in the absolute
values,

To recover the lattice strain in a reasonable time, heating was necessary.
8
This could be anticipated., From previous experinents( ), it vas est~

sblished that the activation energy of the interstitial diffussion ofC in
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molybdenum with stresses of the order of 55000 psi applied was about 2/3
that without stress., The relaxation time, being an exponential function
of the activation energy (Q. appx. 25000 cal/.o]_.), becomes quite large

when no stress is applied. Raising the temperature from 293° K to about
393° K will compensate for the effect of change in activation energy and

produce observable recovery in a reasonsble time,

In Set No, 2, the consistency of the initial and finel lsttice constant
data provides a certain level of confidence in the improved technique used
here and the resulting measurements of lattice strains., It appears again
that more recovery was obtained than eitker of the strain measurements in-
dicates. Apparently the delay necessitated to allow for a sufficiently
large nunber of counts during each measurement affected the measurement
to the extent that only partial recovery of the lattice strain was ob-
served, (for example, experiments No. 8 and 9). The final value of the
lattice constant implies that most of the anelastic lattice strain was
recovered in each case. Only in experiments 8 and 10 was heat spplied
during the recovery. Again, this is consistemt with the theory inasmuch
a8 in tantalum and columbium the activation energies for the mechanism
controlling micro creep, reduced to sero stress, is much lower than in
molybdenum. Application of heat was probably not necessary in experiment
No. 9. This experiment represented a rerun of No., 8§ where the lattice
strain recovery observed was relatively small, It was hoped that with
temperature the recovery would be more complete. As stated above this
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was more than likely caused by observation of the recovery during a limited

time span rather than by incomplete recovery,

The absolute values of the lattice constants in Experiment No. 10 seem
somewhat doubtful and are not in agreement with other, accepted data
(abont 1057‘)0

Of some interest are the results of experiment No., 15, This specimen yielded
during the experiment, and as can be seen complete recovery of the lattice
strain ocoxrred , while the gage strain indicated permanent plastic deformation.

This is apparently incompatible with the theory that microstrain prior to
yield is caused exclusively by dislocations., However, additional and more

carefully controlled experimemts will be required to fully justify this

argument,

In susmerizing it mey be stated, despite the sensitivity limited technique
afforded by x-ray diffractrometry, there is sulficient consistency in the
results to state that microcreep during yield delay is accompenied by
lattice strain such as would be expected if interstitial reorientation
takes place. The magnitude of this lattice strain is such that it can
account for all or at least a large portion of the microstrain observed
externally by gage measurements. As is required by the interstitial diff-
usion model of pre-yield anelasticity, the lattice strain is, at least to

a large degree, recoverable. Apparently, the recovery time is large



compared to the relaxation time of the pre~yield microcreep. This is
apparently caused by the reduction of activation energy in the latter
case due to the applied stress,



INTERNAL FRICTION STUDIES
DISCUSSION

In anticipation of significant contribution to the anelasticity of tan-
talum and columbium by interstitials such as oxygen, carbon and nitrogen

it was thought desirable to determine the activation energies for diffusion
(or relaxation times) of these constituents by internal friction techniques.
There are well established data available on the internal friction peaks

in quest:l.on(26 ? 27). However, with the necessary facility readily availe-
able it was considered worthwhile to spot check the particular materials

on hard for interaction effects and any other anomalies which could possibly

result in an erroneous interpretation of the anelastic data from other

experiments,

As was later established, the interstitials listed gbove produced only
very minor contributions to the preyield anelastic behavior of the metals
under investigation. The primary contribution apparently resulted from
hydrogen diffusion and hydrogen dislocation interaction. Due to the low
activation energies for these processes, the internal friction peaks can
only be observed at relatively low temperatures (or very high frequencies).
The apparatus on hand was primarily designed for high temperature operation
and, therefore, is not applicable below room tempersture. Also a high
frequency limit is inherent in this device which is controlled by the



stiffness of the experimental material., Thus it was not feasible to study

the internal friction peak of hydrogen and hydrogen-dislocation inter-
action. This makes the resulis described below somewhat academic for the
present phase of the contract but still useful as reference information
for future, high temperature studies,

The internal friction of both tantalum and columbium was determined by
measuring the decay time of a vibrating reed, The reed is electro stat-
ically excited to its resonance frequency, the driving force removed, and
the amplitude decay recorded on a direct write, logarithmic time base
recorder, Signal pickup is also obtained electrostatically, the specimen
represent ing one electrode of an air gap capacitor.

The reed specimen, operating in a fixed-free mode is suspended vertically
to prevent nonsymmetrical gravity effects. A tubs furnace surrounds the
specimen mount, the driving mechenism, and the pickup. In this arrange-
ment the gystem is as nearly as possible in thermal equilidrium, The
whole system is then immersed in a vacuum which prevents specimen oxy-
dation as well as air damping effects.

Specimen temperature is controlled by a thermoooupls nsar the specimen
rather than on the specimen to eliminate another possible error in the
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decay measuremsnts due to external damping., This thermocouple was carefully
calibrated against thermocouplss mounted in three positions on a calibration

specimen,

The specimen material was identical to that used in the other experiments,
i.0., it came fronm the same melt and underwent identical heat treatment.

The nominal dimensions of the specimens were .4O inches wide by .05 inches
thick by 7 inches in length. However, the apparatus is constructed so as
to permit a variation of the effective length of the reed specimen prior
to each experiment. This in turn provides the control over the desired
resonance frequency of each specinen. The actual resonance frequency is

monitored during experiments by an sppropriate frequency meter.

The logarithmic time base recorder has the advantage that the decay is
displayed over several decades (up to 25 db), thus increasing the accuracy
of the observations. Any forced rather than natural frequency which may
have been imposed on the specimen dampens out éuickly and, with the avail-
able recording technique, sufficient data sre availahle to permit the

measurement of the decay at the natural frequency.

The linear data displsy which results from the logarithmic time base of
the recorder is a great aid in the data reduction.



Efforts to utilise inert gases to prevent oxydation were discarded due to
damping effects even at relatiwely low pressures and the low sparking

potential of most inert gases.

The performance limitations of the apparatus, as it was ariginally dev-

sloped, are the upper temperature limit which is somewhat higher than
o

1000 € and the lower temperature limit shich is room temperature. No

provisions are made for cooling.

The upper limit is set by the original vacuum system which cannot prevent
oxidation of columbium and tantalum at higher temperatures and the thermal
expansion of the system, which though considered in the design, causes
problems in maintaining control over the small gap between the specimen

and the driving and pickup electrodes., A careful balance must be maintained
between these two gaps to obtain the necessary driving force, sufficient
pickup and a specimen amplitude smll enough to prevent sparking or short
circuiting during vibration. The driving voltage is in the neighborhood

of 1000 volt.

The frequency limitation of the systea is primarily determined by the
stiffness of the specimen material. The frequency or wave length is a
function of the length of the specimen; the higher the frequency desired



the shorter must be the specimen, Without reduction in specimen width and
thiokness, the stiffness increases rapidly as the specimen is shortened
and soon reaches the point where the electrostatic drivihg force is in-
sufficient to produce measurable amplitudes. Mechanical impulse excitation
was considered but not introduced becsuse it would reducs the control over
the vibration amplitude, 'ﬂ::la could have a severe effect on the decay

measurements,

For future work, such as discussed in the last section of this report, 2
modified internal friction unit has been designed and is presentiy nearing
completion,

RESULTS AND INTERPRETATION

Figures 1l through 17 show internal friction versus the inverse of temp-
erature for pure, recrystallized tantalum sand columbium. The frequencies
noted on these figures correspond to those at which the major intermal
friction peaks occur, The frequencies, being the resonance frequency of
the specimens, varied slightly with temperature (due to a change in elastic
modulus), For example the resonance frequency for the data shown in
Figure 14 varied from 68 cps at room temperature to 66 cps at 600° )

There are a number of techniques for determining the activation energy
of a process from internal friction data, The one chosen here is that of
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Wert and Harx( ) s Which is based on the equation

V ~
=RT Ln(—
Q Rn(gm)»f'rAs (19)
In this equation v is the atomic frequency and ¥r~ the frequency at which
maximum damping occurs in an experiment where the temperature is held con-
stant and the frequency varied,

In our experimental approach, the frequency is held relatively constant
and the temperature is varied., Therefore T is replaced in Equation (19)

by Twn , the sbsolute temperature at which maximum damping occurs,

The greatest error is introduced by the uncertainty in the entropy. How-
ever this error is relatively small., The term TAS is usually less than
10% of the value of Q and AS can be calculated to a fair degree of

accuracy from
_ OMja A4_elastic mod. at temp. T
AS=x 2T Aty elastic mod. at ref. temp. 'ro)
Obviously some iteration is required to minimize any errors,.

Equation (19) is also relatively insensitive to the location of T v .

The experimental accuracy used in this work, which was only considered a
spotcheck approach,was sufficient to reduce possible errors to within a

few hundred calories per mols,

(]



A more mecise relation for the evaluation of internal friction data was

(29)
derived by Zener and is of the form

RAn (f/8)=Q (/Te- \/T) (20)

Here the atomic frequency and the entropy do not enter into the evaluation.
However, this equation is so sensitive to the location of T r~ that with
normal experimental procedures and consequent experimental errors, the
relisbility is not better than that obtained with Equation (19),

The following tables give the results of the internal friction messure-
ments, The data were tsken for two frequencies, This is not required by
Equation (19) but serves to increase the reliability of the results.

The atomic frequencies were calculated from rate theory for each temper-
ature. The latest available data on the change of dynamic elastic

modulus of tantalum and columbium were used to calculate the entropy.

TANTALUM
107 3 .-G.E.L“_
£cpw) I ( ) +(1dcps) As( Q(Mo—g’ Probable Source
1 67 2,13 «98 3.7 25742 oxygen
2 36 2.15 97 3-&7 26100
COLUMBIUM
1 66 1.93 1.06 3.16 28400 oxygen
2 250 1,75 1.19 3.16 29900
3 66 10'49 1-39 bolo 377“’ carbon and
N 250 1.40 1.48 k.10 38400 nitrogen
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If it can be assumed that the entropy values are accurate to within + 1
cal/mole/°k a deviation of approximately + 500 cal/mole results in the
apparent activation energy of © in T, ard Cp 3 and a deviation of
approximately + 700 in the apparent activation energy of C and Nin Cb ,
;m mnaximum experimental error due to locating Timresults in a deviation
of + 300 cal/mole for the case of O in Cbat 66 cps,

The identification of the activation energies is based on the data by
Powers and Doyle( 2 ). The tantalum data agree quite well with those of
Powers and Doyle. However, those for columbium are approximately 10%

‘ higher for both peaks observed. No theoretical or experimental explanation

is readily available for this discrepancy.

It may also be noted that in Figure 1) the internal friction rises
sharply again to the left of the spparent oxygen peak. This is to be
expected inasmuch as the peak for N inTo. should occur at about 1,6
x 10"'3 (°k) -l for an anticipated activation energy of approximately

37,500 tzal/nolo(z7 ).
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HIGH TEMPERATURE STUDIES
DISCUSSION

The work discussed in this section is of very preliminary nature. It
represents the initial, exploratory phase of a program whose cbjective
it is to establish the presence and causes for anelasticity in tantalum
and columbium in a temperature range extending up to 3000° F. Though
this program as such represents an extension of the wrk discussed in

the previous section it is anticipated that entirely different mechanisms
control the melasticity in the high tempcrature region,

At this early date it appears not very useful to discuss phenomena resulting
from anelssticity such as yield delay and, possibly, upper yield points.

It is more appropriate to limit the considerations to anelasticity itself

as defined basically by a phase difference between the stress and strein
history of g material, It is for this reason that the initial emphesis

of the experimental work will be on internal frictioxi which is as powerful

a tool for identifying anelasticity mechsnisms a9 is spectroscopy in other
fields of science, Careful internal friction measurements can revesl not
only the contributors to the mechanism but also the manner in which they
contribute.

To amplify on the statement that contributors other than interstitials are
necessary to casuse anelasticity at high temperatures it msy be helpful to
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consider a typical example. The relaxation time of the diffusion process
of nitrogen in tantalum ( Q = 38000 cal/mole) varies from approximately
1.()]'h seconds at room temperature to 1 second near hOOo F and lb.h seconds
near 1000o F. The relaxation times of hydrogen in tantalum, shich appear to
have such a significant effect on the melasticity of tantalum near room
temperature are orders of magnitude smaller than those of nitrogen. Ob-
viously, at very high temperatures such interstitial contributions can

barely be observed.

At these higher temperatures we can however suspect that mechanisms such

as grain boundary viscosity, which appears very generally to have acti-
vation energies equivalent to those of self diffusion (of the order of 100,000
oal/noio in most bec metals),and probebly rreferrential diffusion of sub-
stitutional solute atoms of significant geometrical amd electrical misfit,

or pairs thereof, will have a marked effect on the anelasticity. Without
referring to specific experimental values it can be said that the relaxation
times of these latter mechanisms are from three to ten orders of magnitude
larger than those of interstitial diffusion. This is nicely demonstrated

2
in the illustrative relaxation spectrum presented by z.nor.( 2

Of particular interest is the contribution made by grain boundaries. It
was therefore decided to mske this the first params ter of the high tenp-
erature relaxation spectrum analysis. At the high temperatures shich are
contemplated for the experimental program it may well be that significant
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changes in grain sise occur during the experimentation due to secomiary
grain grovth (abowe the recrystallisstion temperature), It is hoped that
this will lead to additional interesting results. These may be of cone
siderabls practical value since very high temperature application is, to

say the lsast, not uncommon for refractory metals,

To supplement or complement the internal friction data, simultaneous dynamic
modulus messurements will be made.

Although the emphasis in the initial phases of the work will be on the
relaxation spectrum as determined by internal friction, work has also
started on the strain rate sensitivity of the materials under investigation
with grainsize and temperature being the experimental parameters. As in
the case of the medium temperature studies this will permit an early ex-
ploration of temperature ranges where such phenomena ss yield delay can be
reasonsbly expected to be cbserved. It is again anticipated that the time
to yield under various strain rate conditions is at least indicative of the
yield delay time that may be expected if a stress, equivalent to the yield
stress for a mrticular strain rate, is applied very rapidly and maintained

constant,

The stmin rate experiments will also yield srein rate coefficients as a
function of temperature and grainsize. These strnin rate coefficients, much
like internal friction data, will provide additional information on spparent
relaxation pesks,



EXPERTMENTAL TECHNIQUES

During the initial portion of the high temperature study the tensile and
intemal friction equipment was redesigned and modified as required for high
teupsrature work with pure refractory metals.

The tensile unit as described in a previous section has all provisions

for high temperature operation., However in this specialised research
effort it was mandatory that any oxidation of the specimens be prcvcntod;
To this end the test chamber was redesigned to permit high vacuum operation.
In addition, the test chamber was provided with the necessary components

to permit purging with inert gases. A new set of templin type grips was
also manufactured for holding 1/l inch diameter specimens at temperatures
up to 3000 .

A mare thorough redesign was necessary on the internal friction unit which
was originally built for operation at a maximum temperature of spproximately
10(!)o C. The basic mode of excitation and detection remained the ssme as
desoribed eariier, However all components exposed to the high tempersture
environment as well as the heater and heat shields were replaced by colum-
bium parts and the general configuration simplified to permit high vacuum
sealing of all components in an all metel vacuum enclosure. This unit is
now being assembled.

As pointed ocut in the discussion, grainsise was chosen as & primery ex-
perimental peremeter. For this purpose a careful ltudin- carried out
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to establish a repeatable specimen preparation technique which did not
suffer from introducing uncontrollable factors due to differences in heat
treatment,

The material used for this study was the same as that used in the medium
temperature work, The resulting techniques, after sn unsuccessful try

to establish a more economical approach, consisted of prestraining recry-
stallizsed specimens, both tantalum and columbium, to various percents of
elongation, and subsequently, recrystallizing all specimens at the same
temperature and for equal lengths of time, Figures 18a through 184 in-
dicate the final grainsizes chosen for preliminary experiments. The spec-
imens with larger grainsize were strained 15% prior to final recrystallization
at ]3000 C. In lieu of the availability of the high temperature internal
friction unit, strain rate experiments were carried out with a limited
nusber of gvei lable specimens, Strainrates of .005 inches/second and
0000 inches per second were utilized. The temperatures ranged from soo° ) 2
to 2900 F at 200° F intervale,

It was established that oxidation problems could be prevented with the
system on hand up to the highest termperature, It was also definitely
established that the strein rate sensitivity was very sensitive to grainsise
over various portions of temperature range. For exarple,in the casse of
tantalum, the mterial with the larger grainsize was considerably more strain
rate smeitive in the region from 1500° F to 1900 F and above 2600  F, than
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vas the material with the smaller grainsise. This trend was reversed near
500° P and near 2500° F. It is premature to present and evaluate these
preliminary data in this technical report. The data have not as yet been
verified as to their repeatability and are taken with experimsntal specimens
vwhich will not necessarily be identical to those being procured for the
entire high temperature study. It is, however, intended to present the
preliminary data in a forthcoming informal progress report (General Dynamics/
Pomona M-349-1192),
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Figwe 18  TANTALUM - RECRYSTALLIZED AFTER 75% COLD REDUCTION

a. RECRYSTALLIZED ONLY (x 150) b. 15% STRAIN & RECRYSTALLIZED (x 150)

COLUMBIUM - RECRYSTALLIZED AFTER 75% COLD REDUCTION

¢
& . l
3
l

c. RECRYSTALLIZED ONLY (x 150) d. 15% STRAIN & RECRYSTALLIZED (x 150)



SUMMARY & CONCLUSIONS

The shortcon:l.nge;of theoretical models describing yield delay of body
centered cubic metals purely on the basis of dislocation motion or purely
on the basis of interstitial reorientation have been overcoms by intro-

ducing the interstitial - dislocation interaction when a stress is applied.

The proposed theoretical model indicates that rreyield microstrain is caused
by interstitial reorientation during yield delay and that the time to yield
is controlled by the sbility of individual dislocation segments to leave
their locking atmosphere. The latter mechanism, dislocation unpinning,

is also oontrolled by the reorientation of interstitials into preferred
positions. Consequently a similarity of activation energies for both
processes is smnticipated. The validity of the proposed theoretical model
was primerily supported by the experimental results of mechanical yield
delay experiments and by x-ray diffraction measurements of the crystal
lattice behavior under load, prior to yield, and during recovery.

The yleld delay experiments established that the effective activation
energies measured from microstrain rate data and from time to yield data
are approximately the same. The vglues range from approximately 8500 cal/
mole to 14000 cal/mole between -97°F and 200°F, i.e., the range over which
the most reliasble data were obtained, This strongly indicates that hydrogen
reorientation makes a major contribution to the yield delay mechanism,

The variation in activation energies with temperature is explained in

85



terms of an effective activation energy resulting from multiple contri-

butors to the anelastic behavior of bcc metals,

The stresa dependence of the microstrain rate as well as of the time to
yield was established theoretically as well as experimentally to be re-
latively temperature insensitive, This is in contrast to the theories
vhich imply a significant reduction in activation energies by an activation
volume concept, which can be exmressed in terms of the exponential Q;qul_‘q
While the mroposed model does not dispute the presence of a so-caslled
activation volume term, it indicates its relative insignificance for the
conditions investigated. A stress function of the form & .O.Bd~ is
introduced which is temperature independent, except for the fact that
different stress ranges are by necessity employed in yield delay experi-
ments at different temperatures and that & , similarly to the effective
activation energies, is expected to vary with temperature due to contrie

butions by different solutes,

It is shown that both the tempersture variation of the activation energies
and the temperature independence of the stress function have their analogy
in macrosoopic creep as was pointed out by the excellent results and accom-
panying survey by Professor Dorn( 22 ).

The x-ray diffraction measurements showed quite clearly that reorientation
of interstitials does take place during yield delgy. Anelastic lattice
deformations, following initisl, elastic lattice strain, could te observed



and their full recovery established. It must be presuu'd that only inter-.
stitials can cause such anelastic lattice deformation. Slip of dislocation
in isolated s1ip plmes and even pile-ups occurring prior to yield cannot

. introduce a general, uniform lattice deformtion; nor are dislocations,
once formed likely to- disappear and, thus, csuse recovery of the lattice
strain, N

Mechanical yield delay rewvery experiments yielded only qualitative in-
formation which indicated also that recovery of the yield delay mechanisms
does take place but at conaiderably longer relaxation times., This is in
agreemsnt with the theoretical model whicl; indicates the strong effects

of an applied stress and is also in agreeuen’t with the x-ray diffraction
measurements, Recovery information from the latter measurements is also

only qualitative,

Internal friction measurements, though yieldihg satisfactory results with
respect to agreement with other accepted wlues, did not contribute to

the interpretation of the anelastic behavior of tantalum and columbium

in the temperature ranges investigated in this phase of the contract.

It was initially anticipated that oxygen, carbon and nitrogen would pri-
marily contribute to the anel astic behavior as it did in other bcc metals,
However it soon became apparent that hydrogen was the controlling inter-
stitial. Due to the low activation energies of hydrogen diffusion,low
temperature internal friction work would have been required. The avail-
able unit was not capsble of this, The data obtained will be valuable for a
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future phase of thi 3 contract.

This phase, a study of high temperature anelasticity of tantalum amd colum-
bium was initiated with modification of equipment for operation up to 30000;*‘
in a protective environment and with the development of sample preparation
techniques for controlling grainsizes., Initial tensile experiments were
performed on available specimens. These exploratory data are not pre-
sented in this report. Though interesting, they are as yet not relisbly
verified due to extremely limited sampling.
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APPENDIX A

PRE~YIELD STRAIN AND STRESS INDUCED DIFFUSION IN BCC METALS
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The pre-yield strain, £ , of a metal for a given load history, c=a(t) ,
may consist of a purely elastic term plus & diffusion induced strain, Sd_ R

at the time t ., This can be expressed as

<.
W
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The unrelaxed modulus, Eu s 1s used here because it corresponds to
the modulus observed when the strain rate is too high for significant
diffusion to take place before yield is initiated. E  is therefore

indicative of the purely elastic strength of the metal under conﬁigieration.
e d should be proportional to

t
riS (n,)dt

(o]

(a2)

where rl is the radius of the interstitial atoms. A;IP is the number
of ini’.erstitinl atoms entering the preferred lattice positions per unit

time.

From the theory of diffusion in soiids, it is expected that diffusion of
interstitial atoms is goverhed by Fick's laws, with the proper modifications

for random walk phenomena,

By Fick's first law, the flow T of atoms per unit area normal to the
flow and per unit time is given by

(A3)



wvhere D is the diffusion coefficient and oh /3% the con-
centration gradient., Also, Fick's second law introduces the time rate
of change from

an __ D *n
dt dx?

(AL)

For random walk in one direction, (say the x-direction) L is given by
.;'_T d2 Fx , where d. is the distance between neighboring interstitial

positions and ﬁ the mean frequency of jumping in the x-direction.

In the unstressed bce lattice there is equal probability for an inter-
stitial to jump forward or backward in any one direction. From the figure,
it may also be seen that one third of the interstitial stoms may jump in
the x and y direction, one~third in the x and z direction, and one-third
in the y and z direction. From these two observations, the average jump

frequency can be expressed as
= _ 1 7 fr) I _
G5 (7)) 3@ L3O R 36
RI = P"n = [;m =T

Thus
Ld2 e ! e -
Dx_ P o= 24 Qa 'o (a = lattice constant)

Now in the unstrained lattice

(a5)
L&‘D),z D D

3_:
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The frequency fo with which an interstitial will jump into a neigh-
boring position depends on the number of attempiea jumps and the height
of the barrier it has to overcome., This is illustrated in the final

(30)
expression for the unidirectional ditiusion coefficient .

D=ora? vy 2 &R ,-Q/RT

24 (A6)

where

U~ = frequency of atomic vibration

®@ = activation energy for interstitial diffﬁsion

R = gas constant

T = absolute temperature

AS = changs in entropy

1

A good estimate of is given by u—:(aq/o?m)f s where m is the
mass of the interstitial atom. Also, to appraximately evaluate the

relation AS=-Q: 3(G/6.) O T'may be used, where G-. is the shear
modulus at the reference tespsrature 4'[; . Q ditself can be eval-
uated experimntally to a fair degree of accuracy.

The concentration of interstitial atoms in all positions will vary with
time, - During & sufficiently small interval of time, At , the concen-
tration of interstitial atoms, w; , will always be large compared with



the fraction, AN, , leaving the respective positions, so that in the
limit we may set dn-' =—Ah,; dt,\being a proportionality or decay con-
stant, Thus, at any time, t ,

-_A
n' = n° i3 t .
(A7)
We then find from Fick's second law
d
oh » - At
o - b8
5% j 5 N, 2 d
(o}
__2d -t
= ) n, 2 (A8)

where . sgain is the distance between neighboring interstitial positions,
Then

(A9)

The assumption is now made that all nearest neighbor positions surrounding
the interstitials sre empty. This is reasonable for the usually low con-
centration of interstitials. Then the initial concentration gradient is

simply (—N; /d. ). This results in a decay constant, defined by

n, =—-An;

)

dn __D
2

r

(A10)
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g = L L

It must be noted that A  applies to unidirectional jump probabilities
only. For the three dimensional case A= 471 in the unstrained

lattice since there are four neighboring positions for each interstitial(3 l).

The application of a stress, or better, the resulting lattice deformation,
will create preferred and nonpreferred interstitial positions by a change
in the local lattice energy. With respect to the diffusion equation this
is accounted for by a variation in the activation energy. Normelly, this
change is considered proportional to the applied stress. We may then
correct the activation erergy for diffusion into the preferred position
Qnep=@-Lo , and, arbitrarily, for the reversed direction
QP-»rFQ""Q’o:

Considering the unit cell positions of interstitials in the strained bece
lattice, as shown in the figure below, we can treat the random walk pro-
cess in terms of two unidirectional jump frequencies, one for atoms

leaving the preferred positions and one for those entering.

Of the tiree basic positions one is preferred and all neighboring positions

are nonpreferred. Iwo positions are nonpreferred, i.e. each contains one

half of the interztitials in the nonpreferred positions, and only one half

9k



of the attempts to leave are in the direction of a preferred neighboring
position. This can be described as

FP--h =1 (')n’-""
ﬁ\-—n?‘ "a'(%) rh->p+'_2 ('L?-') rh‘DP:—'i r'n-vP (a11)

Consequently for unidirectional jump processes

/
: | e -Lo/rT
DP"’ h-_-.-—lz-d.a r'p-—h =§-a o2

| 2 +lo/eT
Dn-p=zd2r'n-vp=‘7'é°‘ fo & (A12)

‘Using the same notation as for the unstrained case, we note
! -

Now, to determine the net rate of interstitials jumping from the non-
preferred into the meferred positions the following set of linear diff-

erential equations must be solved:

"'lp-.-n=‘7‘p->n np"' }h-vpnh

Nrep="2n=pMnt Ap-nlpe W)



This set has a solution

Np=C,+Cy 2 (An+Ap)t (AlL)
vhere

AR= Anep Ap=2Ap-wen
From the initial conditions

'hpz—%ph'%*-?\h NPhe (t=0)

NMp= Np, (t=0)

we find

N =7\n<hpo+ hho)__ AnNho— ApNps, - (>\-Q+7\p)'t
AR+ Ap AR+ Ap 2 (A15)
and

2 = “-(Ant2aAp)t
Np= (AnMne=2ApNp,) 2 (in+2p) (A16)

Equations (A15) and (A16) show the following expected features. The con-
centration of interstitials in the preferfed position and therefore the
anelastic strain reaches a finite or equilibrium value. Likewise, the
strain rate approaches gzero with time. In yield delsy experimemts this
is not necessarily observed since the time to yield is relatively small.

From Equations (A10), (All) and (A16) we can write
1
hp = [‘é‘hho n o L/RT_ ol R-Slcr/m-] -t

=—fip [QQU/Rm_ﬂ—l’a/ra'r]2-(xn+xp)¢

in
inos i = Pho+Npe=&n+5N (w7



If the conditions ,le,’m £G‘Z.RT hold, we can utiiize the approxi-

mation
' Q Apt
Mp= o 2 TR 2771
(A13)

since 7\ . is then also much larger than Ap
Consequently the anelastic strain rate is given by

éd_=C‘\r}_ hiv’ 2 AS/R Q———’Q —-Ant

(A19)

During yield delay experiments the exponent 7\,,,.1-; is initially very
small and, as expected, a constant strain rate is 'observed during a portion
of the experiment, - It must be carefully conaldered in the data roduction
that this is not true during the whole experiment unless the time to yield
is small,

é

Thus, for the "initial" or linear portion of the strain rate we can utilize

the following relations for data reduction.

BY\ &= A-CQ— ﬁG/ET) (G = constant) (a20)
,QIV'\.é B + % o) (T = constant) (a21)



Also, Equation (Al5) can be approximated by

ANt
MNp = N —-Np,2

2 —-AnNht

= n; [l——§+-§—xht —%—(th)?l s ]
(A22)

or

> DL
"= 3 I:""a)‘“t]

n

oim

. | fo/rRT
Thus 'Y\p h'l 7\h=-3—hir°'.ﬂ.

which is the same result as (A18) for small value of A .t

Finally, Equation (Al) for arbitrary application of the load can be
written:

T Mg_&s— ) _ant
5-5%%2‘*‘“’:“3;“ = ' " dt

(A23)

provided the conditions £ ZRTand L =2’ are applicable.
Otherwise, Equation (A15) or (A16) must be introduced in (Al),



APFENDIX B

STRAIN OR STRESS INDUCED CHANGE IN THE ACTIVATION ENERGY OF INTERSTITIAL
M

The effect of strain on the jump frequency for diffusion has been shown

by Girifaloo and Grilll( 32 ) to be represented by the following expression:

vhere ™, g < )q,,°> < aeua)q o>

Fo = Jjump frequency in absence of applied stress,

AR = Boltsmamn's constant T = absolute temperature, €xg = strain
tensor
and @o- is the potential energy of the system with the diffusing atom at
its activated position and ¢A refers to the normal configuration. In
order to obtain the statistical averages the potential energy is expanded

in normal coordinates,

P=P)+3 T wig

vhere ¢ (0) is the potential energy when all the atoms are at their mean
positions for a particular strain, and wj; and %. j represent natural
frequencies and normal coordinates respectively. Now

E-X-) M) . i ‘1-32 (82)
£mo

2E)p,” © w5 Tde




It is at this point tnat we deviate from the derivation of Girifalco and

Grimes. The temm, 92-(—&- s is not equal to zero since there is
€ Je=o

an interaction of the particles of solute with the solvent., Otherwise there
would be no lattice deformtion associated with the presence of interstitials.

3
l"utov( 3) represents this interaction energy in a normal position as

e +Lce + L, (c e) (83)

From this expression one can see that ggo(( ) C,“(,Q-LQ 8“‘)&"6

vhere Cxx 18 the number of solute atoms in the % position. In our
case we can set O, =1 , ‘nma for the change in potential energy with
strain we obtain

20 \ _ 2 2
DEQ(DC)O—’Q' +aQZ éxa(— 2‘- Yi wi %-‘ (Bh)
for an interstitisl in the x position in terms of a modified Gruneisen
prmeter .= ~ dlnw:
d€xmt.

Substituting this expression into the e uation for the statistical average

(3 )-8 s

5/&'\' T &%

We obtain

(L) D=dhe Suhmsr -



»
,Q, and .Qz represent stress induoced ordering parameters, Thus for
the case of simple elastic tension we obtain for a preferred position

-%: {-F'{_—[(u-mr),e,dg] E}ﬂp’(!-ev)li('l“?-vj)é‘] (B6)

where V- is Poisson's ratio, and, for a non-preferred position

- {%[u-a«rm.-wz] e } up{ (-~2v) zm“—ri’)f} (s1)

The stress induced entropy of activation can be obtained from the relation
> =
A?"a—_k“@“i_',_' s Were &, and Z_, are the partition

functions of the activated and normal configursetion. Thus

AS=5D?4kT {TQE—T[(l-a'nr) ,Q,-dz] EHi-2v) £ (r',q—‘r?‘) 6}

or

as=L (1-ea) {t('r?-‘cic)a (8)

It is seen that the effect of strain on the lattice frequencies near a
defect is also reflected in an entropy change. From the reciprocal temp-
erature dependence of the interstitial relaxation strength observed in
the Group V transition uta.la,(27) one can conclude that the stress in-
duced ordering parameter for interstitial diffusion is relatively temp-

erature independent.
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It is of interest to uke;a theorstical calculation of the activation
energy and ordering paramjter, ,Q s for an interstitial impurity in a
typical bec metal, .

Although a theoretical calculation of the activation energy by a continuum
elasticity theory (34) gives fair agreement with experiment, ﬂ}e inter-
nal consistency of the large deformation correction is questionable. _Thia
calculation entirely neglects chemical valence effects. Actually the
energy of activation is not juét, due to elastic strain, there is a non-
elastic deformation. We.will use a repulsive potential as .Huhtington did
for fece crysuls.us ) We will also include electrostatic interac.t:lons
determined from a moma-ll'ermi model which considers the éffect of electron
redistribution on long ra:sxgo interactions,

!
Repulsive Energy - The Born-Mayer potential energy is of the form
) Yekrj . ‘

v(r)=o.(|+3'_-‘+3'-i- e P e P ' (39)

N, N
vhers Z = valency of atom, ¥y = number of electrons in outer closed
shell., We will tske © to agree with the early work of Born and Haurer,(36 )

@ = .35 A°. Te radii of the ions will be taken to be ¥ (C'*)
. 150° ana ¥ (M5)e 2 20,037
In order to determine the interaction constant in the Born-Mayer potential
for a carbon atom and some other metallic atom we will minimize the re-
pulsive energy with respect to local strain in the case of iron and select

the value of the constant, b » Which will give agreement with experiment,
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The experimental value of local strain is 0,19, which was determined from

martensitic tetragonality.( 38) The repulsive energies are
(Pe-c) E = 344 a & +17(1+8)
2YE
(Fe-Fe) E.=1110 e"4"'7(e+('+v ) (s10)

Parameters of the Fe-Fe and Mo-Mo repulsive interaétion were determined
39
from the calculated parameters of the Morse potential for cubic metals.( )

The resulting value of a. is 0.15 for both metals,

The radial displacements considered are indicated in the figure,

@ MOLYBDENUM

o CARBON

d=3.15A°

We will calculate E; , the interstitial interaction energy, for the hole
position, by summing the two body interactions for an interstitial and two
displaced hostatoms, The energy of the complex, E. , will be calculated
by summing interactions for 2 displaced host atoms and 22 non-displaced

host atoms.
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\
E.=77 e.{-4.57(|+t)}

Ec=6260 9—{-4-57(2+<!+!:)' y §+62609s—4.5? (e+(|_g)‘)’iz (B11)

+7820 ef-792}
where _ee_.d‘_ is the displacemént of nearest neighbor atoms,

The value of € = 0,10 was calculated by minimizing this repulsive emergy.
To calculate the energy of the barrier, we let £ be the interaction energy
of the interstitial and L displabed host atoms and E¢ the interaction

energy of U displacéd host atoms and 20 non-displaced host atoms, Then
E; =154 2&p {—5.I2(I+6)}
E.= 6260 %P {—4.57 [|+(|—%)2+(|—6)2_]f§

| %
+3130 ,uqo{—zee(wé )} + 6260 up{-eas?[n(n-g-)i(w)el ;
+62600xp{-—4.57[|+(|+%)fa+(|—é)2]’k} ’ (B12)
where 3d./ £ is the displacement of ne&est neighbor atoms. From the
ninimisation a value of & = 0,05 was calculated. The resulting values

of energy are E (hole)p = 289 en.

E (borvier)p=8.600N.

Electrostatic Energy - In order to consider electrostatic interactions we
shall only consider interactions with 6 host atoms and 8 host atoms in the
hole and barrier position, respectively. This is possible because the inter-

action is screened by conduction electrons,



Lasarus® result for the potential is

$ (=52 ep(-¢¥) (1)
A
and = is the valence difference, and Neo is the conduction electronic

. (ko)
density, taken to be 1 electron/atom for Mo. Lasarus' original theary

was applicable to substitutional irppurities. In an interstitial solution
we are not merely replacing regular atoms and thus we are interested in
the total potential energy of an impurity atom, Since the valence charge
of carbon is +}; the sign of electrostatic interaction r'c.presents repulsion,
The charge of the molybdenum atom which the screeﬁed carbon atom inter-
acts with will be taken to be +6, Although the Ld electrons do not fill a
band, their effective mass is large (small band width) and they are thus

‘Actually the number of free electrons to be used in determining the screen-

ing constant is not determined simply by the electron arrangement in the

outer s and d atomic levels, It is known from band theory that the d and

8 bands overlap and, &8 a result, there are deviations from the simple

picture, there tlvlr:.zys being less than one s electron per atom in the tran-
(42)

sition elements,

- (u)
More accurate solutions of the Thomas-Fermi equation for repulsive

eloctronic forces gives & potential of the form

$(N= BEXE opgn) (Bk)
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for tightly bound electrons, The potentisl energy of carbon in molybdenum

is
_ 73
V—-———\_ eKP-e.EBl’

for d - 0.5. 'Rl\ll
_173(2) 13 =

and

E(ba.rruer)E = %’(—%_)—6) e {-— 2.06[(| +<S)z-+ ( |+—g——)a] E

3(4)
+ '—Z—é—; e (—47)=19.560v" (816)

Therefore, E(hole) = 26,77 ev. and E (barrier) = 28,16 ev. From the
difference in barrier energy and the energy of the interstitials in the
equilibrium position, the activation energy for diffusion is calculated
to be 32,000 cal/mole for molybdenum, This value is in reasonsble agree-
ment with the experimental value ranging from 25,000 to 33,400 cal/mle.( 5,2
In order to celculate the stress induced ordering parameter { we mast
calculate DE/ P C at the barrier position and a non-preferred hols
position. In terms of mmall slastic strain, the energy expressions are
given by the followings

E (hole)= 77e{- 4.57(\ |)(|-'ua)}+ 62608{-—8.2 ( —-661:&)}

+6260 €~ 766 (1+36€-.64VE) §+7aeoe{-z92('+é‘5‘%"5)§

+ ————l";z((ﬁ; e{—e.él(l.l)(l-'\}e)} + '%L-a(ﬁe —3,7 (|+%-— %g)} (e17)
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E (barrier)=77 e{— s.12(108)(1+5 - Y5 } +7?e{- 5. la(i.os)(l-vé)j

+3i3e {—4.5?(|.93—|.96've+.9)}+3|3e§- 4.057(1.93-1.86VE+E)}
+3i 3oe§ —?92(1.05)(u+§- %vs)}+313oe{— 4.57(2.03-1.96VE+ me)j
+3130€ {- 4.57(2.03+E-2.06VE]
+3130¢€ {—4.570.98 +.96—2.06V&)§+%) e {—3-02 (1+5 :e—.49v£)]

+,——)-f;75(f§s)e{—3oz(|—-ve)} —'2'_72(2) {4.'7(|+‘s e f

173 (@)
+ g ¢ {— 4.7(|—V£)f+ 3130 e{—4-.5?(1.98+ﬁ—|.96vc)} (B18)
We neglected the variation with strain in - as compared to €(—¢r) .

from the sbowe expressions and using V = Poisson's ratio = 0,32 we cal=-

culated the following derivatives:

RE -3 cal
hel =—%.3XI0 —_—
oC ( ole) E=0 3 mole - pa (819)
E -3 Cal
> (barrier)l =-2.8x10 (B20)
&=0 Mole—-Psi

These results indicate that while there is an effect of stress on the

energy of the interstitial in the equilibrium position there is a negligible
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effect on the activation energy for diffusion of interstitials (in this ex-
ample carbon in molybdenum), This is because the energy of the non-pre-

ferred hole is lowered by a comparable amount to the barrier energy.

Due to the lack of appropriate data a similar snalysis for H in Ta.and Cb
was not carried out at this time., However it is possible to obtain a
reasonable estimate of the stress induced ordering parameter for inter-
stitial diffusion in the metals being considered from the variation in
solid solution lattice spacing with concentration of solute atoms in a

(u3)

martensitic lattice. The uniform variation with concentration of

hydrogen interstitials has been measured for Ta. and Cb (M). Fisher
has derived an expression for the change in lattice spacing with concen-
tration in the uniform and the martensitic state. From these ex-

pressions one can derive the result

DE - o DE .
_Z)T (martensitic) 2(\-21/) ka2 (uniform) (B21)

where P:: hz;— h/ 3 represents the ordering paramster.

Using these results we calculate values of .0l7 cal/mole-psi for hydrogen
in Ta, and .022 cal/mole/psi for H in columbium, The value obtained for
columbium agrees very well with the dependency of the activation energy

(18)
on stress observed from the yield point by Wilcox et al.
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APPENDIX C

EFFECT OF THE STRESS FIEID OF DISLOCATIONS ON INTERSTITIAL DIFFUSION

The effect of diffusion of the dilute Snoek atmosphere on the flow stress

of iron has been previously conaiderod.( L) Also there is expected to
be an effect of reorientation of the Cottrell atmosphere, due to dis-
location assisted jumps, on the upper yield stress. In sddition to diff-
usive motion the impurity atoms acquire a steady drift velocity given by

(DI /e-r) F , vhers F is the interaction force provided by a dislocation.
Mura et .1.(20) calculated the force on the locking atoms to be given by

a linear function of stress, 1t is felt that the direct effect of dislocation
bulging on the interstitial jump frequency T'I should also be taken

into account. It is necessary to review the theory of dislocation-inter-
stitial interactions in order to obtain a clear picture of the bound inter-
stitial sites. The dislocation and interstitial sites being considered

are indicated in Figure Cl.

Civi]

FIGURE C1
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The following expression for the interaction energy has been derived -

by Cochardt et ll.(h6)

H

. S om W (14042 Cost ) (E.+ €, +E5)

Upe= = {-'z ¥ coneV(ErEs) (c1)
~Beos Y cos e (E,-&,)+U SmVYE, |,

vhere D=__G‘_2__T and &, ,E,, ®, represent the martensitic
(= )
strains along the crystal axes., It turns out that interstitials on axes
2 end 3 have a wide minimum in energy below the slip plane (\y =% 1)
and, also, interstitials on axis 2 have a sharp minimum on the slip plane
(=) |

From this result we copcﬁ:de that atoms below the slip plane provide most
of th.e.]nd:ing because there are a hrger number of preferred sites bélow -
slip plane and also that atoms in the slip pime attract dislocations in
the slip direction., A shift of impurity atoms from below the slip plane to
the alip plane will reduce the locking force and also pull the dislocation
further along the slip plane, Our picture of the jump process is indicated
in Figare C2.
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We will now calculate the effect of a stress induced dislocation displace-
ment upon the interstitial binding energy at sites below and on the slip
plane, We refer to FigureC3for the definition of X,y andXq

o x Py
= J
=
>4 A
l/ FIGURE C3

Position A refers to the unit cell with origin at the matrix atom below

the slip plane, Position B refers to the unit cell with origin at the
matrix atom in the slip plane. The interaction energy below the slip
plane simplifies to

A $me Ay
r XE+y*?

V= (02)

Equating the force o b* , applied on a dislocation segment of length b,
to the locking force we obtain
Ao = “T‘?:—,’:.B (c3)
where 7 is the number of locking atoms. The energies at cells A and B
becoms A __A A(_XXL)‘;......

SA¥ne A A, . )
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For small dislocation displacements (keeping only terms linear in -—):-Z"-

Xo
and 0% ) we obtain

_AX% __Ay3Ef s
VA~ VBT X2 T T ZAXEn (c5)

The averages of % and y are set equal to R/2 , where R 1is the radius

of the atmosphere. This radius has been defined previously by Cottrell as
(47 ) (L5)

R=A /,Q'r . Schoeck and Seeger also confirm the applicability

of this definition,

The number of locking atoms, h , is given by TR B20C;a > , where Cy

is the stomic concentration of interstitiale, We will assume that C,

is the same as the concentration of the lattice interstitials, In columbium, as
used in this study the atomic concentration, Cr, is 2.8 x 10" and this
corresponds to an atmosphere of 1 atom per atomic length of dislocetion

within the radius & ,

Thus
Av. _ AP’rRa®cs _  bodcs kT (c6)
- 8TTADRECT 8TrCy A
and
AV ba3 gs
rT - e, A
8TC: (c7)

The microstrain rate resulting from Equation (C7) will behave as

=Ko up{—%+ es} (c8)
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- 2
As an estimate of A, we will take the value 1,5 x 10 20 dyne-cm , found
for the interaction between carbon interstitials and dislocations in 1ron.(m)

Using our expression for & as defined by Equation (C7) we calculate values
of 3.3 x 107 (pei)™, 1.6 x 2107 (pe1)™ in columbium and tantalum respecti-
vely. The expression for 8 involvwes the impurity concentration, C, ,
snd the interaction comstant A. It can be used to evaluate the product ACy
but not either factor separately. Thus it is possible that the interaction
constant, A, is smaller and the concentrations C, , greater than the

values used,

It is essential to consider an atmosphere continuously distributed within
a radius R =A/RTin order to obtain an energy change that is linearly
dependent on temperature. Likewise the impurity atmosphere has been re-

presented by Beshers in terms of a continuous Fermi-Dirac distribution. (L8)
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APPENDIX D

MAGNITUDE OF ANELASTIC STRAIN NORMAL TO THE APPLIED STRESS

The anelastic strain will be determined from a thermodynamic derivation
(L9)

following Brinkmen and Schwarzl, except that we will consider the
3-dimensional case. For an equilibrium condition

p=c(gT) ep [_ V(‘ijﬂ;(e,g)J ) {pd?=h (o)

where p = density, £ = strain, - = temperature, ?__ = position
coordinate, A = Boltsmann's constant, V =« potential energy due to
lattice, 7V = potentisl energy change due to stress, :

At equilibrium states, the entropy and internal energy are given by
[ -]
s=——k$ p Lg P d.i,-f- D ylastie,
- Q0 ,

U=I°° (v+m-),od.%+'u e '
-o0 (p2)

¥cu, taldng a differential change in &

TEFS=SU+CIE

O Salaa. = dv O Ualay :
mon. T S5 Seg; jp'EE;'d'%ée‘* 3¢, &8.‘

+5(v+u-) %:_‘ dq‘6€;+oi Lob & .' (03)

i=l,2,3
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_Ene B8 E (1-v)% L2V
0= et Taent —Lri; £-5F

- v -2ar® | =~-2nr2

_ _EaE, Ev-8y E(-v)Ea
0= et T ica2r t T Lne

o= 1€, + E s + E"l-'ll‘)ég _‘Q"\5 (k)

1-ur-2 U l—r -2t I-vr-2 art

or E&=o +L0n-22Ln,

E€; = E&=Ln, (1~v-242) - (6 +L4n~20-4n)

=—fu-a--—fv'£n,+.an,_ (\-rv-) . (05)
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Thus the ratio of transverse to longitudinal anelastic strain is given by

& ) -arddn,
e = e
ﬁh. ""4Q hL( |-'V"> | (m)

Ln, —- an.Qh,_

| =~

‘and since 2n, ¢ for £ 0.5

the transverse strain is always smaller than indicated by Poisson's ratio,
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APPENDIX E
ACTIVATION ENERGIES IEFINING THE YIKLD DELAY TIME AND THE MICROSTRAIN RATE

From Equations (13) it is seen that

Guff = = dlnty

d () (E1)
and, likewise,
" dné
@ =-R
'{{ &) (E2)

Thus ! .ﬂ:é 4‘-(9% { Xy (1-27 )1

(£3)

This leads to
q' ‘« = _;—LA’[QI 7\;‘ (I—.R_:Atty> 7::: P (Qx.?‘It7— Aty QI‘“)

+ QoA C]

_ _ ~
S S

which can be simplified by introducing Equation (10) to

Qe -Q Qp-Qz 2 XY
= g Sp Se- S e
Qn“ >ty =2 AxtY (EL)
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For very smll values of t, s or better Aty o this lsads to
QY =
The activation energy of the strain rate has a somewhat simpler form,

Rewriting Equation (12) in the farm

. -A
E=C'a_ o 't (ES)

we have, on using the same definition of A, as above,

Rd-ﬂné

=
_Qx
]

:—?‘(—__) [ﬁh C+ lhA———T—- Atae "

Qx

= Q- te,A e wRT

o Q= Q (1-2:t) - (85)

18



1)

2)

3)
b)

5)

6)
7
8)
9)

10)
1)
12)
13)
L)

15)
16)

17)

Vreeland, Wood & Clark, Transactions of the American Society of

Metals 45, 620 (1953).

Hendrickson, Wood & Clark, Transactions of the American Society of
Metals LB, 5LO (1956).

Fisher, Transactions of the American Society of Metals L7, 451 (1955).

Vreeland and Wood, Eighth Technical Report under Office of Naval Re-
search, California Institute of Technology (April 1954).

Cottrell, Reported at Conference on High Rates of Strain, Institute
of Mechanical Engineers, (April, 1957).

Mura end Brittain, Acta Metallurgica 8, 767 (1960).
Peiffer, Acta Metallurgica 9, 385 (1961).
Sneed and Kornblum, Convair/Pomona TM 332-127, 15 (1958),

Davidenko, Smirnov and Yaroshevich, Soviet Physics - Solid State 3,
1254 (1961).

Adams and Iannucci, Aeronautical Systems Division Technical Report
61-203, (1961).

Adams, Roberts and Smallmen, Acta Metallurgica 8, 328 (1960);
Johnson, Acta Metallurgica 8,7737 (1960).

Chambers and Schults, ical Review Letters 6, 273 (1961); Bordoni,
Nuovo & Verdini, Physical Review 123, ); Chambers, Bulletin
of the American Physical Soclety 6, 521 (1961).

Conrad and Schoeck, Acta Metallurgica 8, 791 (1960).

Palm, Metalen 3, 97, 120 (1949).
Louat, Proceedings of the Physical Society 71, bl (1958).

l(!e;sne;t and Sinclair, University of Illinois T. & A.M. Report 157,
1959).

Weinstein, Sinclair and Wert, University of Illinois T. & A.M.
chort 156, (1959)0

uy



18)
19)
20)
21)

22)
23)

2L)

25)

26)

27)
28)
29)
30)
31)
32)
33)
3L)
35)
36)
37)

Wilcox, Brisbane and Klinger, WADD Technical Report 61-ihy(1961).
Roshanskil & Stepanova, Soviet Physiocs - Doklady 5, 831 (1961).

Mura, Tamura and Brittain, Journal of Applied Physics 32, 92 (1961).

Seeger, Donth and Pfaff, Discussions of the Fara Society 23, 19
(1957)3 Niblett and Wilks, Advances in .

Dorn, Creep and Recovery, 277 (1957).

Albrecht, Goode and Mallett, Journal of the Electrochemical Society
106, 981 (1959).

Samsonov and Latysheva, Dokla Nauk S.S.S.Re 109, 582 (1956);
Samsonov and Latysheva, Fix Me%af[ i Metalloved 2, 309 (1956).

Samsonov and Solonnikoya, Physics of Metals and Metallography S,
177 (1957).

i(’e;;r;on, wright Air Development Division Technical Report 60-793,
1961).

Powers and Doyle, Journal of Applied Physics 30, 514 (1959).

Wert and Marx, Acta Metallurgica 1, 113 (1953).

Zener, Elasticity and Anelssticity of Metals, 68 (1948).

LeClaire, Progress in Metal Physics L, 265 (1953).
Zener, Imperfections in Nearly Perfect Crystals, 289 (1952).

Girifalco and Orimes, Physical Review 121, 982 (1961).

Fastov, Soviet Physics, Doklady 6, L31 (1961).
Ferro, Journal of Applied Physics 28, 895 (1957).

Huntington, Physical Review 91, 1092 (1953).

Seits, Modern Theory of Solids, 82 (1940) .

Kittel, Introduction to Solid State Physics, 82 (1956).

120



36)
39)
L0)
L)
u2)

L3)
Lk)

L5)
L6)
L47)
Lu8)

L9)

Fisher, Acta Metallurgica 6, 13 (1958).

Girifalco and Weiser, Physicel Review 1ll, 687 (1959).

Lasarus, Solid State Physics (Ed. Seits and Turnbull) 10, $8 (1960).
Dekker, Solid State Physics, 61, 68 (1957).

Sinnott, The Solid State for En 117, 402 (1958); Herring,
Jourml’of-r'ppm”ua, bup%mni’to 35. , 38 (1960;.

Nowick, Progress in Metal Physics L, 35 (1953).

Pearson, A Handbook of Lattice Spacings and Structures of Metals and
Alloys b, T2, T HE) e —

Schoeck and Seeger, Acta Metallurgica 7, 469 (1959).
Cochardt, Schoeck and Wiedersich, Acta Metallurgica 3, 533 (1955).
Cottrell, Dislocations and Plastic Flow in Crystals, 136 (1953).

Beshers, Acta Met. 6, 521 (1958), Kamber, Keefer and Wert, Acta

Metallurgica 9, 1961),

Brinlmnn)md Schwarsl, Discussions of the Faraday Society 23,
u (1957 ) ¢ .

121



